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ABSTRACT

The overall goal of the program is the development (,I an instrurn nt for
determining the stress-strain response of co-ted fabrict .ý, d in the i onstro(
tion of air-supported tents.

During Phase I of the program a survey of the scier.1iji, lit( raturt, on
biaxial tensile testers was carried out. The purpose of the, buru-y was to
examine the design features and operating techniques of pr. iously construc'-ed
testers and to note design innovations and shortcomings.

A theoretical analysis nf the load-exterszon beha.'iur of ideali.~ed plain'-
weave fabrics subjected to liaxial stresses is presented. F'abri' strains rc-
suiting from both crimp interchange and yarn extension are con1idu rd.] The
analytical expressions derived ha.ve been solved with thu aid of a digital CoTr.-

puter for both linearly elastic and eiasto-plastic materials. i arne effects,
although not explicitly included, are discussed.

Generalized plots of the results are given for the two extrE res of init,al
fabric structure: (1) equal crimp distribution in both sets of yarns., (2) ont
set of yarns straight (noncrimped). The predicted and measured response of
two model fabrics are compared.

Two typical coated fabrics representing approximately the- extremes in
fabric weight and strength currently of interest for air-supported tent apph-
cations were evaluated.

The design of an improved biax;il tensile tester is outlined. The pro-
posed design concept utilizes the ref s of the lihrature sur',-y, model
fabric study and coated fabric evaluation.

x



BIAXIAL TENSILE TESTl FOR FABRICS

I. INTRODUCTION

A survey of the scientific literature wiaich describes previous work with

biaxial tensile testers has been completed. The purpose of the survey was to

examine the design features and operating techniques of previously constructed

biaxial tensile testers and to note desirable design innovations and obvious

shortcomings. This information has contributed to the development Uf an im-

proved teating-machine design concept which is ideally suited for the proposed

work of examining the biaxial stress-strain behavior of fabrics used in con-

struction of air-supported tent structures.,

II. TEST-INSTRUMENT DESIGN CRITERIA

Performance requirements of the machine are listed in the schedule of
the contract, and are reviewed here for reference-

A. General Requirements

1. Prime consideration shall be given to pf-oviding a reliable,
rugged tester of mini-hum weight and size that can be quickly

and simply installed, operated, and maintained under indoor
textile and/or film laboratory conditions.

2. The following human engineering factors shall be integrated
into the device.

a., Safety in operation and maintenance

b, Simplicity of maintenance

3. Environmental operating conditioas

Range 68 - 78'F db (dry bulb)

56" - 68*Fwb (wet bulb)

Prime consideration is to be given for operation at

706F - db

62*F -wb

4. The instrument shall be constructed to minimize maintenance and
simplify necessary maintenance by the application of the following
principles,

a. Provide ready access to controls, lubrication fittings,
adjustment controls, major components, and high-mor-
tality parts. Use permanently lubricated bearings
wherever feasible.



b. Use materials, finishes and fabrication tec'bniq.es thit
minimize deterioration, lubrication, adjustmen's and
paj.,ting

5., Electrical components shall be shielded and bonded to prevent
radio intorterence, and comply with test provisions of Spe ifi -
cation MIL-I- 11748.

6. The coatractor shall promptly inform the Contracting Ottirer of
any modifications which may experjite fabrication, ?ffect econo-
mies or improve capabilities.

B. Detailed Requirements

1. The machine shall be capable of applying loads on a fabric i: two
orthogonal directions simultaneously.

2. The test specimen size shall be appropriate for an a,.-. arate eval-
uation of the biaxial load-elongation characteristics of woven
fabrics or films at low lodds as well as at rupture.

3. The instrument shall have a load range of 10 lbs/inch to 800 lbs,.
inch.

4. Loading may be accomplished by the use of multiple loading
devices.

5. The instrument shall be capable of measuring extensions up to
50%.

6.. The ratio of the loads applied to the test specimen in the tirttno-
gonal directions shall be adjustable. Load ratios of I I dnd 1 2
are essential.- Howcever, an effort should be made to obtain load
ratios greater than 1:2.

7, The instrument should be capable of attaining the followii'g accu-
racy for load and exteihsion measurements-

Load application ± 2. 5% of full scale
Extension - 0,25% of gauge length

8. The instrument shall be equipped with automatic record.ng de% ices
which will record load-elongation data in two directions

Detailed Requirements 1. 5 and 6 demand a flat test specimen, strained by
the relative motions of two sets of jaws. Taey also rule out b.axial testing
schemes based on infated cylinder or inflated diaphragm-shaped specime -s.



Flat, orthogonally loaded, bia.&ial tensile specimens can provide uniform
force fields only at the specimen center, with neariy uniaxial forces acting in
the areas adjacer.t to the ja.ws, and with stress concentrations localied in the
corners generated by the two orthogonal jaw motions. Although this latter
effect cannot be entirely overcome, it can be minimized by using cruciform
test specimens, with the gripping jaws clamped to fabric tails extending away
from the square biaxial stress field at the center of the specimen.

Klein1 has proposed three conditions for biaxial tensile testing of fabric
specimens. These are:-

1. Straining must be such that a controlled biaxially strained
region exists at the specimen center.

2. Strains must be m.asured in thie region.

3. The ratio of the loads in the X and Y directions m -st be
held constant at some predletermined value during a test.

This is the characterizing parameter of :he test

The relationships between stress and strim-n are, of course, prcperties of
the parlicular specimen undergoing test. In a uniaxial tester either load or
extension can be varied, usually at a constant rate, and the resulting change in
the other var;able measured, A biaxial tester must be capable of doing this ir.
two directions simultaneously, with the added condition that the lo-ds in the t%%o
directions must bear a fixed ratio to one another.

This latter consideration complicates any design using a motor and gear
train jau -drive system, because even with a constant rate of jaw motion in one
direction, the complimentary jaw motion can be very complex, depending on
the test specimen properties. It is much simpler to use a force-balance princi-
pal, and directly maintain the X and Y load ratio by a loading scheme which pro-
grams load level rather than jaw displacements., This suggests pneumatic cyl-
inder load applicators with which output forces are always proportional to
cy-linder pressure and system displacements are dependent variables whose
magnitudes .,re functions of load level and specimen prope-ties.

Detailed Requirement 6 can be met with a ratio pressure control relay.
This will allow the selection and pre-setting of a fixed ratio between the X-
dirt.ction and Y-direction pressure levels., The test procedure will entail
manually controlling excureion in the X direction from zero tc full load; the
pressure le rel in th. Y direct'-a will follow at the constant pre-set fraction of
the instantaneous svalue in the X direction,

3



Fach pair of opposing jaws must move equaliy and oppositely, to preýerit
inadvertent skewing of the specimen. These mutions can be cunv,.nje.,Iy .*k)-

tained in a symmetrical machine design which employs foiur penurnatiL "_vlin-
ders, one at each end of the specimen tails. Onposite pairs ol cyl'inders are
linked hydraulically to insure equal jaw motions. (See Figure 1.)

Detailed Requirement 3 requires load ranges from !0 to 800 lbs/in h of
specimen width, Since the low end of this range requires only inoderatt-
operating forces, a test specimen with 4-inch wide tails is suggested to pro-
vide a generous central area for strain measurements in a unitrurm btax!al
fie!d. However, if the upper load limit of 800 lbs/inch is applied to a 4-lnh
wide specimen, the total f-crce necessary is 3200 lbs This would require
either high operating pressures, or oversized pneumatic components %%hich,
in turn, would result in a loss of sensitivity at the lower force ranges, We-
auggest instead, the design compromise of using a smaller specimen at high
force leels on the infrequent occasions when a very high sitrgrih spt• imen
muot be extended to rupture., A ýwo-inch %tide specimen at 800 lsiinch re-
quires only a 1600-lb operating force, which can be comfortably achit-%ed
with eificienrly sized pneumatic components, If the machine force-applicatior..
and force- measurement systems are designed for L maximum pull of 1600 Ibs,
loads up to 400 lbs/inch could be applied to four-inch wide specimens.:

II. LITERATURE SURVEY

The scientific literature pertain'ng to experimental biaxial stress-strain
measurement has been reviewed. The following citations refer to machines
applicable to the testing of fabrics ol other flat-sheet specimens. Apparatus
for measuring combined stresses and strains in rods and tubes due to tersion,
torsion, or in.ernal inflation pressure dc not readily apply to the general flat-
sheet r.-iaterial biaxi-al-loading problem and are not included in the followhing!
evaluation.

In 1953, Reichart, Woo and Montgomery2 reported on a biaxias tester for
fabrics. This apparatus was an adaptation of a standard, uniaxial, %er:ical
tensile-testing machine which was fitted with supplementary horizontal jamr.
These iaws were linked to the lower traveling jaw with tex.siorn rods and in-
clined wedges. Movement of the crosshead would result in a secoadar-- trans-
verse motion c.f the supplementary jaws at a fraction of the c.rosshead soer-
determined by the selection of the angle of the inclined plane Loads -,ere
sensed with resistance load cells.

Checkland, Bull and Bacher 3 . reported on a biaxial fabric tester 'hich
utilized a large four-iaw chuck as the mechanism for producing related hi-
axial jax motions. This machine could provide only a 1:1 ratio of X .nd Y
extensions., Forces were sensed with strain gauge load celis linked mo the
jaws, ,ind strain information was obtained from successiv,: photographs taken,
during the loading ,.ycle.

4
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In 1959, KleinI reported on a machine which met all the theoretical require-
ments for biaxial tensile testing.. These ",cluded:

a,. Controlled biaxial straining at the center region of the specimen.

b. Measurement of strains in this region.,

c, Constant, pre-set ratio of X- and Y-direction loaa levels.

d. Cruciform specimen.

e. Capability for other than a 1: ratio of X and Y loads.

f. Autographic read-out of load ar:d strain signals.,

Operation of this device allowed jaw rotion irs one cLrection,, c×, 2o vroceed

at a predetermined constant rate while the la%% motion in the other direction %as
controlled so that the load levels were maxrt•rn.d at a constant ratv,' fhis can
be described as a closed-loop automatic control system, with combined .asc._.']
and ratio control featurea.

Operating difficulties with this system stemmed from the fact that the faorl(
extcnsions and applied loads were measured and transduced as !owv,-- tage elec-
trical signals After amplification and comparison of the signals. the oucralI
system signal-to-noise ratio was not high enough to permit constart stabie '4-er-
ation, and the charted machine output data was often erratic and unreliable.

MSnch .nd Galstei 4 show that a cruciform, flat specimen shapt v itr. longi-
tudinal slits .n the tail sections can improve th. uniiorrnity of the baxiai f.rce
field at tme specimen center..

San Miguel5 built a biaxial machine for testing flat sheets of solid prtpel-
lant r,.-!.et fuel. This was a controlled-extension system with a built-in
-_.pacity for transverse stretching of the pin-type grips to compensate for speci-
men deformation at high strains,

Davidson . describes a hi x;al tensile tester for labrics which employs a
cruciform specimen, Loadin, .is accomplished Aith a single hydraulic cylir.der.,
a series of variable length 1r ,er arms ind whiffle-trees serving to distribute
force outputs 'o the four spe- -.imen jaws in a pre-selected fixed ratio. A note-
worthy feature of this macl'ine is the capability for prograrr...-,ing shear loads
to the specimen jaws, as% elI as direct tension loads. Force is measured U zth
a spring-scale dynamomeer linked to the main hydraulic cylinder, and strain
measurements are obtameo from successive photograohs of this test specimen
at specified loai intervals.

"This instrument ic. now installed at FRL® and was used in obtaining the
experimental data presented in the Apuendices.

6



Seshadri, Brown, Backer, Krizik and Mellen 7 utilized a biaxial labri,

tensile tester at MIT to further their work on parachute fabrics. "I hi.. inahinm-
is an accessory added to a standard floor-model Instron tensih. tt ,, r It
consists of a frame which is driven up and down by two verticz'i lea• s, rews
linked with drive chains to the Instron crosshead drive and geared to produc L
motion equal to one half of the crosshead motion. This frame carri, s lamp-
type flat jaw's which are separated manually by means of horizontal i. ,d ad
drivcn- oy a handwheel and gear train. Any desired load level can Gt tppl d in
the horizontal direction while the specimen is strained by the Instron c rosshead
in 'he vertical direction. The chain linkage to the auxiliarl loading frame ke•eps
the cruciform specimen centered and prcvents unwanted shear d:for:natiurni.
Loads are sensed by resistance strain-gauge load cells and recorded t)y mcans
of strip ýh•.rt recorders.

The principal operating difficulty with this device has beer. the inability to
co-ordinate X- and Y-direction load programs, In one operating, mde, the
instron jaws are operated at a constant rate to provide a uniform ratt- of jaw
separation in one direction while an operator manipulates the horizontl loading
screw in an effort to maintain a continuously balanced ratio uf the changing X-
and Y-load levels. Other loading r,-iodea, are possible at 3pecified load incre-
ments. The jaws along one axis can be separated to provide an incremental
load increase a:'d this jaw position maint,,ined while the load alung the other
axis is increased by an appr.epriate increr.nent. Specimen behavior observed
with this kind of incremental loading is not the sar'.. as that observed duiring
continuous loading. Thisa substantiates the contrntion that a valid biaxial test
procedure must provide for co-ordinated load programming along both axes.

McClaren and Best 8 de.cr~be a biaxial tensile-test machine ustd in their
work on fatigue of metallic -nateriali; in a multi-axial stress field, This ma-
chine a.pplied loads to the tails of a cross-shaped metallic sheet specimen
The machine was another example of an adaptation of a standard ;.ertical test-
ing machir, with a supplementary transverse loading frame. The interesting
feature here is that the transverse loadi.•g frame is suspended fro.-i cables
with counterweights and is free to movt vertically as required to maintain
symmetry of loading without unwanted shear loads applied to the specimen.

Becker9 has demonstrated another system for adapt.ng a standard uni-
axial testing machine for biaxial deformations. This device employs to
right-angle g, ie beams which are interlocked with sliding joints so ti.:,t th,•j
form an expanuable rectilinear frame, A sheet specimen is linked to the
inside edge of this frame with a series of pins and clamping jaws. The entire
frame is mounted in the tensile tester and oriented with the test machine axis
at a pre-determined angle to the specimen and guide beams. Varying this
angle prov-,des an operating parameter for proportioning strains in the X And
Y directions of the specimen. Horizontal and vertical lead components are
sensed with commercial strain-gauge load cells providing data for calculaticn
of principal specimen loads. Specimen strains are measured with a
cathetometer aimed at target figures imprinted on the specimen

7
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.. M. ME CMIAN!CAL DESIGN =AJRES

A. Specimen

The machine is designed to accommodate flat specimens of fabric, rheet,
or film. Specimens are cross-shaped to provide a blaxial force field at
the center. The extended tails are connected to the four orthogonally aligned
jaws. The instrument is capable of acccmmnodating specimen widths up to
four inches.

B. Jaws

Flat jaws are used with most specimens since no difficulty will be
experienced with specimens failing at the Jsw, a condition prevalent when
this kind of Jaw is used !r. uniaxial tensile testing. This confidence
stems from the fact that the biaxial loading mode will produce higher
localized stresses in the biaxial stress zone thaa the generally uniaxial
stress levels w`'ich will occur near the jaws.

A specimen loading _•ixture is provided to aid in centering the specimen
in the four jaws. This fixture accurately locates and positions the four
jaws relative to eacfl other so that the specimen can be lined up and clamped
in each Jaw successively without disturbing the alignment of the other Jaws.
When all four jaws are securtly clamped, the entire assemcly of jaws and
specimen:; is secured into the machine loasing frame without distorting the
specimen. The alignment fixtue is removed before tle tensile test loads are
applied.

Liikage between the jaws and the load application system are of two
separate types. One of these is a pivoted link which permits the specimen
tails to skew as required to balance any variations in yarn tensions across
the fabric. The alternate linkage system is a rigid connection of the jaws
to the force cylinders such that opposing Jaw edges are always parallel a.nd
perpendicular to their complementary Jaws on t-he other axis.

When a cruciform specimen is strained biaxially, the throughgoing yarns
at the outer elges of the specimen tails are elongated more than than the through-
going yarns at the centers of the specimen tails. This effect increases with
increasing elongation and, of course, tends to distort the otherwise uniform
biaxial stress field at the center of the s-cimen producing high localized
stresses in the specimen corn.ers. The effect is minimized by extending the
length of the spetimen tails to lessen the divergence a-ngle of the throughgoing
yarns from the Jaw to the spo.cimen center. The effect is further diminished
by removing cross yarns from the specimen tail area or -by carefully cutting
slits parallel to the direction of pull in these c'ils.
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The flat jaws are fabricated frcm high strength materials and can
accommodate any of several different high-friction jaw facing materials in-
cluding serrated, hardened metal and leather jaw faces. The clamping arrange-
ment for the Jaws features adjustable clamping screws to aid initially in
positioning the specimen and a wedge action linkage which will increase the
clamping force as the load increases.

C. Load Application Sy.tem

Tension loads are generated by four identical pneumatic cylinders
located along the X and Y Jaw axes. They are double-rod-end cylinders
with equal volumetric displacements ane equal effective piston areas on
both sides of the piston for motion in both directions, This permits a
simple scheme for synchronizing the motion of opposing pairs of cylinders
by displacing hydraulic fluid from behind the piston of one to the front
end of the piston in the other as shown in Figure 1. This transfer of
fluid is accomplished through a line with a variable restriction, or
throttling, valve so that the rate of flow can be controlled, This control
of fluid flow prevents any surging or stick-slip motion which might otherwise
bc 6.anifested in the paeumatically driven system; it also provides a means for
limiting the rate of travel of the testing-machine jaws. Compressed gas for
system operation is furnished either from a compressed air system or from
bottled nitrogen gas supplied through a suitable pressure reducing regulator
v'.lve. TMe standard pneumatic cylinders are shown in Figure 2.

A force-talancing type of ratio relay is the instrument which regu-
lates the relative air pressure in the two separate loading axes of the
macnine. This relay is the heart of the system design providing the means
for setting and maintaining constant ratios between the X-axir load and the
Y-axis load levels.

D. Load Sensors

Measurement of the pulling load at the specimen jaws is accomplished
with electronic load cells. These are standard commercial force transducers
with electronic resistance strain gauges arranged in a four-arm Wheatstone
Bridge circuit. Exictation voltage is supplied from batteries. Two load
cells will also be provided for installation at opposite ends of the
specimen to maintain the mechanical symmetry of the machine design.
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E. Strain Sensors

Accurate measur'ment of strain in textile tensile srecimens, which is
always difficult, is doubly so for the case of biaxial testing. In uniaxial
testing strain measurements are often derived from jaw speeration measure-
ments with corrections wherever necessary for slippage in capstan jaws, etc.
With a cruciform test specimen jaw separation measurements are not accurate
indications of dimensional changes in the biaxially stressed zone, therefore,
strain measurements must be made di.-ectly or ';n-te gauge lengths located
entirely within the biaxially stres.ed zc-.. Our literature survey revealed
that the most popalar scheme for cota-ni-g such measurements has been a
system for photographing a two-dimensl crla gauge length target on -he specimen
at a number of load increments and later measurirg the changes in specimen
geometry recorded in the photographs. This provid.s accurate data with all
kinds of specimens without the need for 7echsr• al connections to the specimen
or the irnvrover-nt of ;-x" mechanisms whicb would possibly affect the specimen
response. It is handicapped by a more involved data reduction procedure withoutý
the convenience of autographic recording of load and elongation relationships.
Mhe machine includes a camera and moanting equipment necessary for photographic
elongation measarement.

The second scheme used is the direct attachment of mechanical links so the
specimen gauge marks; dimensional zhanges are measured vý'th suitable position-
sensitive trensducers. Position tpnsd-icers having built-in electronic carrier
wave and demodulating circuits and providing a d.c. voltage output for ccn.e .2g

direztly to a recorder read-out instrument without other signal conditionirn
circuit.ry are used. Mechanical connection of the transducer probes to the
specimen is made -. t•h needle points perforating the fabric at the gauge marks.
(Cbviously, this .,ht.me will not be satisfactory with film specimens, or some
kinds of coated fabrics, where the needle perforations would initiate stress
cozcentrations. For these speci-MEns the phoblograklnic strain-measu,,rement
tec.•miq~ae would be uiie.

F. Data --resertation

Ele-ctrical signa~ls f rom the tto st.:an-',-g-ge load cells aena from the
jo s'Irin transduicers are fed to the nput stages of a fo-r-channel,

electronic, strip-chart recording system flVarian potentiometer type recorder.)
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instr'ments and controls are mounted on heavy-g almi•n•m panels
supported in a standard relay rack enclosure as shown in Figure 3. This
control station connects to the machine frame with ten-foot long air hoses
and electrical cables with suitable connectors so that the control stand
is conveniently oriented to the machine frame.

All other components of -he test apFr*tus are mounted on the machine
frame (see Figure 2). This is a welded steel. strUcture, of table-top height,
designed to Erupport and align the force cylinders, specimen jaws, and associ-
ated paxts. All h*dra-alic elements and piping are self-contalned on +he
machine stand to e'"ainate liqaid-lIne cornec.Ions to the control stand and
thereby minimize problems of leakage, air bleeding, etc. Pneumatic hoses
which are connected to the contrcl stand can readily be removed or re-
conniected with no intelrerence with the machine operattion.

General arrangement provides easy access for adjustments. M•aterials and
finishes were selected for durability and copliance with the general reqaire-
ments of the specifications.

Mhe test instr-ment is shown in Figure 4, while Figure 5 is a photograph
of the control panel

13
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APPENDIX I

STRESS-STRAIN RESPONSE OF FABRICS UNDER

TWO-DIMENSIONAL LOADING

LIST OF SYMBOLS

The symbols used in the analysis are:

A yarn cross-sectional area
y

E - fiber modulus of elasticity

h maxyrnum di-I nce perpendicular to the ii,'•ric plane between cross-
section cent:-rs of warp yarns before apviv ation of loads, . e.., the
distance per,.ndicular to the fabric plane between warp yv--rn cross-
section Lent. rs at two successive yarn croissovers

h same distan,e as hlw but measured after application of loads

h maximum dis!ance pervendicular to the fabric plane between cr'ss-
section centers of filling yarns before application of loads

hZf same distance as hif but measured after application of loads

L L w length of %%arp yarn between adjacent fillhng yarn centers before
application of ioads

L, -- length of warp yarn between adjacent filling yarn centers after
application of loads

Lf, Lif length of filling yarn between adjacent warp yarn, centers before
application of loads

1_2 . length of filling yarn between adjacent warp yarn certers after
application of loads

L, L1  length of yarn between adjacent yarn centers before application of
loads

Lz length of yarn between adjacent yarn centers after application of
loadd

"* 1 number of warp yarns per unit width of fabric before applzcation of
loads

N number of warp yarns per unit width of fabric after application of
loads



N If number of filling yarns pe- unit length of fabric before application of loads

N*f number of filling yarns per unit length of fabric after application of loads

N, number of yarns pe, unit width of fabric before applicat!on of loads

N = number of yarr:'. :-er unit width of fabric after application of loads

nf number of fibers it. yarn

p z yarn packing factor,' ratio of the solid material contained in the yarn

cross section to the area of the circumscribed (ircle enclosing the cross
2

nf' f

section --

"R2
y

P t-.4al axial tensile load on a yarn

P -w total axial tensile load on a warp yarnw

Pf total axial tensile load on a filling yarn

r radial polar coordinate

rf = fiber radius

R, R yarn radiusy

Rlw.- warp yarn radius before application of loads

Rzw = warp yarn radius after application of loads

R2f = filling yarn radius before application of loads

RZf = filling yarn radius after application of loads

T = yarn twist in turns per unit length

= slope of post-yield region of the fiber tensile stress-strain diagram

3 sin s- In sec

L 2 tan c

C tensile strain. in a fiber: f-actional fabric extension

cy fractional yarn axial extension

€* =tensile yield strain in a fiber
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C izr,, r ona l f.brac, extension in the warp dire( tion, e N 2 f

%%N -NI N lw N2w

f tra( tiron ,l fabri( extension in the filling direction, N fc N w

helix anglte of a fillment located at the radial position r in the yarn

Srfoss sel ionfl

arigl, oetu.en the watrn yarns and the fabric plane at the midpoint

bet'aet:n yarn •ross(:'-ers before application of loads; one-half the

,.igle over which the ,%arp yarr,- r ,n contact 'A ith the filling yarn at

yarn (rosso~ers, before application of loads to the fabric

02%% ,agle betvkeen the Aarp yarns and the fabric plane at the midpoint

bet,•en yarn c rosso.ers after application ox loads, one-half the

arngle o\er %hicti thewarp yarn is in contact with the filling yarn at

arn t rossovers, after aitlication of loads

If angle bet-,een the filling yarns and the fabric plane at the midpoint
between yarn croesover:; before application of loads; one-half the

angle over %,hich the filling yarn is in contact with the warp yarn at
yarn crossovers before application of loads to the fabric

angle between the filling yarns and the fabric plane at the midpoint
bt" ,• een yarn crossovers after application cf loads, one-half the

angle iver which the filling yarn !s in contact with the warp yarn at

varn crossoxers. after appl~cition of loads

1 -angle betvAeen the yarns and the fabric plane at the midpoint between

yarn crossovers before application of loads

angle between the yarns and the fabric plane at the midpoint between

yarn crossovers after applicat:on of loads

- surface helix angle of a twisted yarn

external load on the fabric per unit width of fabric, tensile stress

acting on a fiber

"fiber tensile yield stress

Sexternal load on the fabric warp yarns per anit width in the filling

direction

external load on the fabric filling yarns per unit width in the warp
direction

effective' fabric Poisson s ratiu

- yarn Poisson's ratio
3



INTRODUCTION

The ter..,ile properties of fabrics are usually given in terms of loads and
deformations applied and measured along only one axis. For many applica-
tions this data is adequate, it gives an index of relative strength. However,
rarely are truly uniaxial loads irmposed upon fabrics in the numerous applica-
tions in which they find use. In most instances loads are imposed simultane-
ously in more than one direction; e. g., the deformations at the knee or elbow
of a garment, ti-a canopy of a parachute, the walls of inflated structures, etc..

The efficient use of fabrics in these structures requires the development
of pre.ise design formulas. Additionally, as fabri(-s fin(' more widespread
use in complex military, aerospace, and industrial syste',., stringent speci-
fications on the biaxial stress-strain response of fabrics wiil have to be estab-
lished. However, before design formulas and specifications can be written,

a more thorough kno,%ledge and understanding of the two-dimensional load-

extension characteristics of fabrics than is presently a-ailable is required.

Although the stress-strain response of fabrics under two-dimensi naL
loading has received the attention of previou., researchers. (2,4,7, 9, 18, 1 17,18)

analytical expressions that engineers can readily use have yet to be developed.
The results reported herein are an initial attempt to fulfill this need.. It is

anticipateJ that further analysis, some of the basic work for which has been

completed, will extend the practical and theoretical utility of the results,

In most fabric applications deformations out of the plane of the fabric are
encountered and are the cause of the stresses in the fabric., However, these
stresses can be considered membrane-type stresses, ice., stresses acting in
the plane of the fabric. It is therefore not necessary to consider explicitly out
of plane deformations of the fabric center layer. O,..y loads and deformations

applied and measured in the fabric plane have to be .onsidered in determining
the stress-strain response appropriate for most fabric applications, Since

fabrics, in general, possess only two principal directions and the stresses in

most fabric st,-ucture. can be resolved into two orthogonal components, only
loads and deformations simultaneo'cly• applied to and measured along two
orthogonal axes are considered in this iritial work. Lo.ds or strains applied

simultaneously along tuo axes are usually referred to as ' biaxial. '

The stress-strain response of fabrics under biaxial loading is strongly
dependent on the ratio of the loads in the two directions. The appropriate
ratio depends on the fabric application. In inflated spherically-shaped

structures, the nominal loading ratio is l:1, in inflated cylindrically-L-haped

structures, Z:1., Other structural shapes may impose higher ratios of loads.

Although it is possible to reduce the load-deformation analysis of a knitted
fabric to a two-dimensional problem, (10, 15) this is not possible in the case of

a woven fabric. The woven fabric model comparable to the two-dimensional
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knitted fabric model is a planar array of crossed rods, each rod under uniaxial
tension, Such a model would neglect crimp interchange, the major mechanism
of fabric extension at low-to-moderate loads.

The complete deformation analysis of a biaxially-stressed woven fabric
involves the use of a large number of parameters and the consideration of
many deformation mc;chanisms. For example, eleven parameters are required
to define the geometry of a plain-w ve fabric and four to express the orthogonal
components oý stress and strain!' The consideration of yarn structure and
filament properties necessitates the introduction of more- parameters.

The mechanisms involved in the deformatior of a biaxia!ly-stressed fabric
include:

I. crimp interchange
Z. change in angle between yarns (thread shear)
3. yarn bending
4. yarn flattening
5. yarn extension
6. friction between filaments; friction between yarns at ciossovers
7. yarn nesting at yarn crossovers
8. yarn swelling
9. yarn and fabri- rupture.,

Tht loadirg sequence, loading rate. and load distribution (uniformity of
stress distribution) also influence the deformation o' a fabric.

An analysis of a biaxially-stressed woven fabric that includes all of the
parameters, deformation mechanisms and their interrelationships, if it were
possib to nbtain, would no doubt be so unwieldy that it would be of no practi-
cal use to a design engineer. Rather than consider all of the interrelationships.
an attempt has been made to understand separately some of the %arious mech-
anisms affecting fabric performance. It is assumed that an understanding of
the separate phenomena will ultimately lead to a complete understanding of the
stress-strain response of fabrics under two-dimensional loading.,

A theoretical analysis of the load-elongation behavior of idealized plain-
weave fabrics subjected to biaxial stresses is presented., Fabric strains
resulting from both crimp interchange and yarn extension are considered. The
analytical expressions derived have been soled with the aid of a digital com-
puter for inextensible, linearly elastic and elasto-plastic materials. Results
are obtained for yarn extension at constant radius and at constant volume.
Generalized plots of the results are presented for the two extremes of initially
square labric structure: (1) equal crimp distribution in both sets of yarns,
(2) one set of yarns straight (noncrimped). These plots give the fabric exten-
sion in both the warp and filling directions as a function of the loads applied
along the warp and filling axes, the product of the yarn radius and number of
yarns per unit width in the unloaded fabric, the yarn construction and the filament
tensile properties.
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Fabric Model

The initial geonmetric fabric model used duplicates that described by Peirce,

it assumes a structure composed of circular yarns which do not flatten or slip at
yarn crossovers during fabric extension.ý This reduces the required number of
geometric parameters to six- warp and filling yarn diameters, number of warp
and filling yarns per unit width of fabric; angle between warp and filling yarns
and the fabric plane at the mid-point Letween yarn crossovers. The complete
list of assumptions and limitations imposed in the analyses are:-

1. The fabric is a plain weave.

2. The yarns are uniform along their length, circular and do not flatten
during aoplication of loads to the fabric,

3. The fibers in the yarn are circular in cross section and their radii
are negligibly small compared to the yarn radius.

4. The fibers fall into a rotationally symmetric array in cross-
sectional view about the center of the yarn. Each fiber forms a
perfect cylindrical helix about the yarn center line.

5. The fibers are homogeneous and linearly elastic for tensile stresses
below the yield stress.

6. The elastic limit of the fibers in tension is sharply defined and the
material exhibits linear work-hardening beyond the yield..

7. The influences of strain-rate, creep and stress relaxation on the
response of the fibers is negligible.

8. The warp yarns are initially perpendicular to the filling yarns and
remain so during loading.

9. Orthogonal yarns remain in contact during the loading cycle; there
is no yarn slippage at yarn crossovers,

10. The radius of curvature of the yarn is equal to the sum of the yarn
radii in the regions of yarn contact and equal to infinity between

yarn crossovers.

11. The yarns are infinitely flexible (i.e., the yarns do not support any
bending moments, El - 0) and therefore support only tensile loads.

12.. The intrinsic tensile response of the bent yarn is the same as that
of the yarn whe, straight.

13. The fabric is loaded in its plane. The loads are uniformly distributed
along the fabric edges, The load on the edges parallel to the filling
yarns is parallel to the warp yarns, and the load on the edges parallel
to the warp yarns is parallel to the filling yarns.
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The geometry of the fabric model corresponding to the above assumptions
is illustrated in Figure 1. Using the symbols shown in Figure I and further
defi-ied in the List of Symbols, it can be shown that for this fabric geometry.
before loading:

1 y ,

N = [LLf - 2(Rif + Rv fe cos f + Z(R * Rlw) sin
*1w i if 1 If ) if 1w i~f()

I L - 2(R ' R ) "cos e - 2(R w) sin a (Z)
*NIf 1w if 1w i Iw If Iw 1w

h = 7L - 2(R - R e) sinG 2•(R R (1- cos6) (3)
If I if if 1w if if if 1w if

h = Z(R - R.w) w sin -l 2(R Rw)(1 - cos a1) (4)
iw w I f1 if 1w I- 1W if Iw 1w

SI1 - h1 = 2(Rlf ÷ R w ) (5)1w if f w

(The validity of the relationship given in F~uation (5) is seen more easily when
the expression is written in the following form:

h -: Rw . Rf - h if R f - Rw; see Figure 1)

and after loading:

L -2 (R R )e coszC 4- 2(R ( R sin (6)
"N 2W f Zf 2w 2f !f 2f Zw '2 f(6

1 - R R n) cos " a Z(Rzf - R2 ) sin (7)
"N2 ZW 2f 2w 2w 'W Z w ý

h - 2( Zf Rw) Qfý sin 12f Z(RZf -R ) (V - cos 62) (8)

h [L 2(R + R )wsin w 2(R + R (I -Cos w) (9)
2w ~2w 2f ZW w'2 Zw 2f 2w

h2w h hZf Z(R2f -R 2w) (10)

In general, the geometric cziai.,ities describing tie fabric structure in its

initial' configuration that are most easily measured are probably warp and filling
yarn radii, Rlw and Rlf, and number of warp and filling yarns per unit width of
fabric, Nhw and N;f. Using these measured quantities and Equations (1) through
(5), the lengths of warp and filling yarns between yarn crossovers, Llw and Llf

and the warp and filling yarn angles, 91w and elf, can be determined for the two
extremes of initial fabric geometr'-: (1) equal crimp distribution in both sets of

yarns; (Z) one set of yarns straight (noncrimped). For nitial fabric geometries
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between these two extremes, eitht the maximum distance between filling yarn
cross-section centers, h 1 f, the maximum distance between warp yarn cross-
section centers, hlw, the filling yarn crimp, or the warp yarn crimp as the
yarn lays in the fabric is also required. However, these parameters are not
easily determined, the fabric must be imbedded, sectioned and examined under
a microscope.

Fabric, Dt-forniation

Referring to Figure 1 and using the equations of static equilibrium, i.e.,
summing the forces in the filling direction

Of P f cos 2fNZf, (11)

summing the forces in the warp direction

w = P cos 2 Nw, (12)

ana summing the components of the lorces perpendicular to the fabric plane

SP wsin •w - P" sin %2f = 0. (13)

In the case of uniaxial loading, Equation (13) shows that the yarns under
stress are pulled out straight. However, in an actual iabric the yarns may
become jammed before the crimp is completely pulled out. Jamming may also
occur in a biaxially stressed fabric with certain combinations of initial fabric
geometries and loading ratios. Therefore, the above analysis is only applicable
when jamming does not occur. The jammed geometry of plain weave, round-
yarn fabrics is discussed further in the next section.

If it is assumed that there is no axial yarn extension (E , LZw = Llw,
L 2 f = Lip Rzw = hlw and R2f = Rif) during fabric loading, the analysis of the
fabric load-extension behavior can be reduced to four simultaneous algebraic
equations LEqs. (6), (7), (10), and (13), where Eqs. (8) and (9) are substituted in
Eq. (10) and Eqs. (11) and (12) into (13)? in the four unknowns SZf, Z.w N~f. and
NZw. Lhese four equations are independent of the filament and yarn properties.
They are a function only of the original fabric geometry and the loading ratio,
and not of the magnitudes of the individual loads. To solve the equations the
fabric loading ratio, ;,.af; initial yarn spacing, l/Nlw and l'Njf; yarn radii,
RI. and Rlw; and yarn lengths between crossovers. Llf and Llw, must be known.
The latter two parameters are determined from Equations (1) through (5), as
discussed previously.

If yarn extension during fabric loading is considered, (L.w i Llw and
L~f i LI, ), Equations (11) and (12) become coupled with Equations (6) through
(10). The functional relationship between the tensile loads, Pf and Pw, on the
yarns in the fabric and the yarn construction, filament properties and change in
yarn length between crossovers is developed below.
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It is assumed that the load- elongat:mn diagram of the fabric yarns in the
zc'o '-!-ist state can be represented by

P = apA = a - bc (14)
y y

2
where the yarn cross-sectional area, Ay = ?Rye p - yarn packing factor

Sn .f/R n = number of fibers in the yarn, rf fiber radius, Ry yarn
ra.Jius, e - "?arn or fiber tensile strain, j = tensile stress (force per unit area±)
acting on a fiber, and a ai d b are constants, The case of the yarn radius remain-
ing constant during yarn extension (v = 0) is considered first,

If the fibers are linearly elastic, a z Efe, where Ef is the fiber modulus of
elasticity, and a = 0, b - pAyEf in Equation (14). Similarly, if the fibers are
elasto-plastic and exhibit iinear work-hardening beyond the yield. -

1(c - e') Efe' '1 att( - C I){ where j* is the fiber yield stress, £" the fiber

yield strain in tension, an. , the slope of the post-yield region of the fiber ten-
sile stress-strain diagram. Therefore, for the elasto-plastic material
a = 0 - ae*)pAy = C* (Ef - j)pAv and b : ipA y*

Neglecting pressures transverse to the fiber axis06) friction between fibers
and yarn radial growth with increasing yarn twist, the total axial load on an
idealized, close-packed, twisted yarn is given by(ll' 12, i4)

p 2cos; dy 2y -0R b 2.• 2ad(

=- . Yr cos- jdr = Y(a - bey cos r cos 2dr, 15)
y r=O AY0J

2 (13)
where cy is the fractional yarn extension, e = cy cos S( Carrying out the
indxcated integration it can be shown that

- - a TZRRP - I In(i - 42T RZ) - be - (16)
yAL 22.ý y 2 2 2ZJ
Ay (4- TA I - 4- T R YY y

where T is the yarn twist in turns per unit length. This expression can be
re,. •itten in the following form

p 1 - 2 Z
P :-- l In sec 8 -be sinm (17)

Y tan S y
s

where 8 is the surface helix of the twisted yarn. If the first term is expandeds

in a power series and the higher order terms are neglected, Equation (17) can
be reduced to the following simplified form

P = •a(l - -tan A)- bc cos 9A (18)
y 2 s y

or P =A - Be , (19)
y y2

where A = 0, B pEfAy cos 9 for linearly eiastic materials
1 s

andA =pc*I Z
and A : pe* (Ef - m) A (0 - j'tan r)

B = P.A cos2 e for elasto-plastic materials 'i. e. , if a a -• - C*).
y s
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;n light of the above relations and noting that the extension of the filling
yarns in the fabric is given by c. = (L2f - Llf)/Llf, and similarly ft.r the warp
yarns by Cy = (L2w - Llw)/Llw, Equations (11) and (12) cLn be rewritten in the
following form

(LZf ]coo ,n
7f N2 [ LA B Li)fcos 02f

7~ N2 LA B (--E~-w C) cos 2w(21)

If constant volume yarn extension (v = 1/2) is assumed instead of constant
yarn radius as above, Equation (15) takes the following forrn(13)

Y -J b - -X (3 cos e - 1) r cos 0dr. (22)
y r=L

After carrying out the indicated integration, an expression identical to Equation
(19) is obtained with A = 0 and B = pEfAy [3 sin2 0s - In sec 2 . ]/2 tan2 S when
7 = Efe. Additionally, af and 7w, are given by Equations (Z0) and (21), as for the
previous case. It can also be shown that for constant-volume yarn extensiun

R ~R /L /', Z3
2f if ifl" f, (f3)

R2w RIw J L w/L~w. (24)

Limiting Fabric Geometries

As previously noted, the derivation of the foregoing expressions for predict-
ing the response of fabrics under biaxial tensile loading does not take into
account the possibility of geometric limitations at large fabric extensions. Care-
ful analysis of the idealized fabric model being used shows that there are three
poseiblc limiting geometries. (8, 9. 16) The descriptions of these given below
asa.irne that the load applied in the warp direction is equal to or greater than the
load applied in the filling direction (a w f ).

i. Warp yarns pulled straight - If a/(R. + & iw) T 2 as va I -a % the
`Ifl"f + Zw w f

warp yarns can be pulled straight. When this occurs

1
N2f w

This limiting geometry, if attained, defines the maximum fabric extension
possible fr-om crimp interchange. '.ny further fabri.c extension requires yarn
elongation.

11



2. Maximum filling contraction - The fabric e::tension in the warp direction
can be limited by the inability of the fabric to contract further in the filling
direction. This occurs when the maximum possible crimp has been developed
in the filling yarn. If the loade applied to the fabric are greater than the level
which just results in the development of this maximum filling yarn crimp,
solutions to Equations (6) through (13) Lan be obtained which result in physically
impossible fabric deformations.

The filling yarn crimp is at its maximum when there are no straight sections
along the filling yarn length, i.e.., when L 2f/(RZf R Fw) < 2-(see Figure 2).
Under these conditions

LZf = 2(RZf R Zw) a2 f' (26)

and frcon Equatior (6)

1 : (. -= ) sin Z(R 2 (27)

N W 2f 2W R Zf -R2'.

The corresponding filling yarn spacing is determined from Equations (7) through
(13).

Assuming a fabric woven from inextensible yarns, the above limiting
geomnetry can be readily determined. It is given simply by

L
(1) =Z(Rf- R )sin ( f (28)

N2w minimum if 1w 2Z(Rif R 1w

3. Contact between adjacent warp yarns - The fabric extension irn the warp
direction car also be limited by adjacent warp yarns coming into c-.,-.act with
each other. (16) When this occurs and, simultaneously, maximum crimp is
developed in the filling yarns, it can be shown from Figure 3 that

Z(R2f -2 RR L 1' (29)
ZRf (

sin 62- (3 ;)
Zf Z(Rf ÷ R zw)'

and = ZRw. (31)and N 2w w

If R R sin e, = 1/2 7 :-/6 = 30%° and L /Z(R - R ) -/6 ! 0.5236.
2Zf 2w' 2f 2f 2f 2f 2w

12
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FIGURE 2. LIMITING FABRIC GEOMETRY;
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r-FILLING YARN

FIGURE 3. LIMITING FABRIC GEOMETRY; CONTACT BETWEEN
ADJACENT WARP YARNS.
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The minimum value of filling yarn length possible when warp yarns are
touching occurs when the filling yarn is straight. For this case

L Z2R -- (32)2f 2Zw N2w

Therefore, contact between adjacent warp yarns can only occur when 0. 500
5 L f/2(R2 f - R2w) £ 0. 5236, assuming R2 f = R2 w. The corresponding filling
yarn spacing !or this limiting geometry is calculated from Equations (7)
through (13). (As pointed out in a later section, this type of limiting geometry
has not been encountered for an- of the fabric geometries and loading condi-
tions examined to date. )

Although the limiting geometries are readily determined when it is assumed
that the fabrics are wovenr from inextensible yarns, there does not appear to be
a direct method for determining the second or third type of limiting geometry
when the effects of yarn extenbion are included4. However, an indirect approach
is given in a later section.

ANALYTICAL RESULTS

The analytical expressions derived above for the load-eklension behavior
of idealized plain-weave fabrics subjected to biaxial stresses have been solved
for various combinations c( initial fabric geometries and filament properties.
The Newton-Raphson iterative method for the solution of simultaneous non-
linear algebraic equations and an IBM 7094 digital computer were used to obtain
the solutions. Descriptions of th, cases snlved and the results obtained are

given below..

Solutions are given first for the case of no axial yarn extension (E - a),

during fabric loading. Only the contribution oi crimp interchange to the load-
extension response of the biaxially stressed fabrics is considered. Results
are given for the two extremes of initial fabric structure: (1) equal crimp
distribution in both sets rf yarns. (2) one set of yarns straight (noncrimped).
As noted previously, the results are a function only of the loading ratio a /a
and not of the magnitudes of the imposed loads. w f

Square Fabric, Inextensible Yarn - Crimp Interchange

For initially square, plain-weave fabric with the same infinitely flexible
and inextensible yarn in both the warp and filling

N N NIw if I

RIf R lw R2f R2w R

9If 1w I

Lif lw L - L 2 L
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V ,th these assumptions, Equations (1) through (5) describing the geometry of
the fabric in the unloaded state reduce to the following wo simplified expressions

sin 8

N R-- (33)
I Z(2 - cos 9 1

Z ______- . 46 4 tan 8 (34)1 "1"R N NIR cos 0l 1 • 1 ta 1](4

The dimcnsionless parameter, NIR. the product of tne yarn radius and number
of warp (or filling) yarns per unit length of fabric before application of the loads,
is plotted in Figure 4 as a funLtion of 91, the angle betveen the warp (or filling)
yarns and the fabrit plane at the mid-point between yarn crossovers before load-
ing. As shown, NI R = 0 at A1 = 0, increases %%ith increasing el up to an angle of
600 and decreases beyond this aigle.

Similarly, the dimensionless parameter, L/R. the ratio of the length of
warp (or filling) yarn between yarn crossovers before, during, and after load-
ing, to the yarn radius, is plotted in Figure 5 as a function of e1 . As shown,
L/R approaches infinity as e1 approaches 0', decreases %&ith increasing I up
to an anle of 60%. and increases slightly above this angle.

L/R is plotted as a functiro.j of NIR in Figure 6. As sh.-wn, as N1 R approaches
zero, L/R approaches infinity, and at NIR values 2 0. 25, L/R is not a single-
valued function. Therefore, to simplify the 'omputer programming, in all the
computations presented below which assume an initially square fabric, only N1 R
values : 0. Z4 are used. Since the maximum value of NI R possible in an initially
square, plain-weave fabric is 0. 289, = 60' (see Limiting Fabric Geometries,
#Z), not much is lost in using only values of NIR % 0. 24, NIR = 0.05 corre-
sponds to an angle eI of 5.4', NR z 0. 24, to 34. 3*.

For :he initially square, plain-weave fabric woven from infinitely flexible,:
inextensible yarns, substitution of Equations (8) and (9) into Equat on (10) and
Equations (6; (7), (11), and (12) into Equation (13), gives the following two
simultaneous equations in the two unknowns A w and A

(.LR a sin e, - cos ,w : (cos If - 1= (-4R - 2 f)sin Zf (35)

k4Rc2Zw 2 Z(fco 9f(ZR 7Zf-c 2f -

tx -1(6

J 9f

Once 6w and _ are determined, NZfR and N wR can be obtai,-od from Equations
(6) and (7) whicN reduce t. the following two expressions for this case.

1 /LI - cosz -4sinA (37)

N2fR 2ww Jw
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N (~ 48 2 f )coose ~4sin (8S2w f R (

The fractional fabric extensions in the warp an fll!;ng directions, C and Cf,
are then given by the following two expressions

' = ( , - I ) (39)

NIR

where a positive value for c signifies an increase in the fabric length and
similarly a positive value for ef, an increase in the fabric width.

Equations (33) through (40) were solved for NIR = 0.240, 0.220, 0.,200,
0. 150, 0. 125, 0. 100, 0.050 and :w/1f = 1, 2, 3, 4, *;, 10. The results of these corn-

putationb are plotted in Figures 7 (a), 7(b), 8(a), and 1,(b). The fabric extens:,ii in
both the warp and filling directions is given as a function of the loading rati.,
:w/af, and the product of yarn radius and number of yarns pr.r unit width ,n thi
unloaded fabric, NIR. Fabr'c extensions are also given for -,.ly'f , ,c, i.e., for
uniaxial loading. These extension ;-alues represent the maximum fabric exten-
si•ns possible from crimp interchange. For NIR 1( 0. '69 the warp yarns are
pulled straight as w!cf - -, and Equation (25) is used in d(terminirg the limiting
fabric extensions. For NIR a 0. i69 the fabric extension in the warp direction is
limited by the inability of the fabric to contract further in the filling direction as
7w/c.f - - because of the development of the maximnrn possible crimp in th,
filling yarn, Equation (28) is used in determining the maximum fabric extensions
for this case. For N1 R = 0.169 the warp yarns are pd•lled straight and the maxi-
mum crin.p is developed in the filling yarn. The value N, R - 0., 169 for whicO this
occurs is determined by substituting 12w =- 0 and Lf - 4R '-2f into Equation (35),
solving for AZf(rZf -/2) ani obtaining the value of N, R corresponding to L,; R
from Figure 6.

Whet. 'Tv.if- and N R -- 0. 169, the eiuilibr~urn equations, Equations (11)
through (13), are not satisfied. The limiting fabric extersions ,,re determined
from purely geometric considera'.ins. In a real fabric the filling yarns ,vould
be compressed and the projection of these compressive forces along an zxis
perpendicular to the plane of the fabric would balance the components of the tens.le
forces acting on the warp yarns and projected along the same axis.

As indicated in Figures 7 and 8, no fabric extension occurs for a loading
ratio of one. This is because the fabric is assumed initially square, woven from
inextensible yarns and subjected to equal loads in both directions. Under these
conditions no crimp interchange can take place.

For 1oiding ratios greater than one, the fabric elongates .- the warp direc-
tion and contracts in the filling direction. The magnitudes -of tnese extensions
increase wit", increasing values of the loading ratio, approaching the w.if
extension0 asymptotically.
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The differences between the fabric extensions in the warp direction for
aw/af z 10 and aw/•f = , are small. However, this is not the case in the filling
direction, particularly for 0. 100 NI R S: 0. ZOO. A small load in the filling
direction significantly restricts the fabric I rom contracting to the same extent as
would occur under uniaxial loading.

As also shown in Figures 7 and 8, the fabric extension in the warp direction
and contraction in the filling direction increase with increasing NIR up to an NIR
betweer 0. 200 - 0. 240 and 0. 169 - 0. 240, respe tively, depending on the loading
rati,,, r greater N, R %alues, the fabric exhibits decreasing extension in the
wa i en and decreasing contraction in the filling direction with increasing
N 1 r .. e NI R for which the greatest fabric extensions are obtained d-creases
with increasing loading ratio (see Figures 7(b) and 8(b)). However, in the limit
as crw/c/f - -, a Ibri' with an NIR of about 0.200 exhibits the greatest warp ex-
tension, and a fabric ,ith NIR = 0. 169 the greatest filling contraction. The latter
fabric construction is the one in which the maximum filling crimp is first devel-
oped. Fabrics with greater N 1 R's are closer to the jammed state initially and
therefore reach this limiting geometry sooner upon loading. Consequently, their
filling contra( tion is less. (As mentioned earlier, it can be shown that an initially
snuare fabric with NIR = 0. 289 and woven from inextensiblc yarns cannot exhibit
any warp extension or filling contraction because its initial geometry is a jammed
configuration. )

The ratio of the fabric cuntra ,ion in the filling direction to the correspond-
ing extension in the u,2rp dircction, i.e , the effective Poisson's ratio, U, of the
fabric U= - cq/4), is plotted in Figures 9(a) and 9(b). It is recognized that
this is a non--standard ddfinition of Poisson's ratio. Classically, it is the ratio
of the lateral contract:on to longitudinal extension ol a homogeneous bar under
axial tensios.. However. it is used herein to define the ratio o0 the lateral con-
traction to logitudinal extension of a structure, not a homogeneous material,
under biaxial, as well as, uniaxial loading. Therefore, it is referred to through-
out as the effective Poisson's ratio in an effort to distinguish it from the classical
Poisson's ratio.

The effective fabric Poisson's ratios are given in Figures 9(a) and 9(b) as a
function of loading ratio and NIP.. The values at an infinite loading ratio are
noted. As shown, u 1. 4 at a loading ratio cf two for all values of NiR and
increases with increasing loading ratio, :o 1. 8 - 2.7 at a loading ratio of ten,
and 1.8 - 5.4 at an infinite loading ratio., This is in contrast to conventional
homogeneous engineering materials which rarely exhibit Poisson's ratios greater
than 1/2. Furthermore, it can be shown that even when homogeneous materials
are under biaxial stress the effective Poisson's ratio never exci !ds the true
Poisson's ratio for all positive values of the loading ratio.

At the lower values of loading ratio the Po~sson's ratio does not exhibit a
strong dependence on NIR,. it decreases slightly with increasing NIR., However,
as shown in Figure 9(b). at a loading ratio of ten j increases with increasing
NIR up to an NIR of about 0 175; at larger NIR values adecreases with increas-
ing NIR.. As also shown in Figure 9(b), in the limit as w/:Yf - -, a fabric with
an N1 R = 0, 169 exhibits the largest effective Poisson's ratir 5. 4.
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F"lhng YIarn Inittally Straight, Inextensible Yar," Crimp Interchange

For a plain-weave fabric with the same number of identical, infinitely
flexible. inextensible yarns in both the warp and filling and one set of yarns
(filling yarns) initially straight (noncrimped)

N1w if N IN

R - Rlw R Z R - R

"If

L if L Zf L f

11w L Zw L w

With these assumptions Equations (1) through (5) reduce to the following three
simplified expressions

Lf I
f = ._ (41)

R NIR

sin -4N R (42)lw I

L
-- - 4.c 4 tan 2- (43)

R sin 91w Cos lw w "w

In contrast to the previous case where an initiall' square fabric was analy7ed.
Lw/R and L f/R in this case are better-behaved functions., They approach infinity
as e1w approaches zero, but are sing'z-valued as 91w approaches 90. NIR vs.,
81w, L w /R and Lf/R vs. e1w, and Lw /R and Lf/R vs N1 R are plotted in
Figures 10, 11 and 12, respectively, An the computations presented below for a
fabric with one set of yarns initially straight, again only NI R values z 0. 05 and
! 0.24 are used. The NIR = 0.05 corresponis to an angle Alw of 11. 5°;, NjR
V 24 to 73. 70.

As for the previous case, substitution of Equations (8) and (9) into Equation
(10) and Equations (6), (7), (1,) and (12) into Equation (13) gives the following two
sirnuhaneous equations in the txo unknowns ezw and e2f"

Lw L
- 9 sin &, - coo 2w = (cos)sin 62f (44)

L w L
cos e2w [ (- -4R )cot 1] (--)cos 62f L 4-R 2 f)cot A2f 1 (45)

f-

These equations are identical to Equations :3ý) and (36) except that the distinction
betwetn the length of warp yarn and the length of filling yarn between yarn cross-
overs has been main'ained,
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Again, once 92.,, 2nd 92f are determined, NZfR and NZwR are obtained
from Equations (6) and (7) and the frat tional fabrit ezrtensions in the warp and
filling directions from Equations (39) and (40).

Equations (41) through (45), (6). 'j, and (39) (40) were solved for NIR
0.li40, 0. Z0, 0.200, 0. 150. 0. 12S, 0. 100, 0..050, andaw/af-" 0 5. 1,b, 234,5,

10. Tke results of these computationa are plotted in Figures 13(a), I 3(b), 14(a).

and 14(b). Fabric extensions for aw/af = - are also given. As for the case of
the initially square fabric, these extenston values represent the maximum fabric

extensions possible from crimp interchange. They were determined in the same
manner as for the previous case., The warp yarns are pulled straight as %/1f - -
wh- i NIR < 0. 159; when NR -- 0. 159 the fabric extension in the warp direction
is limited by the inability of the fabric to contract further in the filling direction.

As shown in Figures 13 and 14, the fabric elongates in the warp direction
and contracts in the filling direction. The magnitude of these extensions in-
creases with increasing values of the loading ratio, approaching the aw/7f
extensions asymnptotically.

The fabric exten.sion ia the warp direction increases also with 'increasing
NR. The contraction in ihe filling direction goes through a turning point with
increasing NIR, The value of NIR for which the greatest fabric filling contrac-
tion occurs varies with the loading ratio. However, in the lirrit as •w 7 f "5 M'
a fabric with an NIR = 0 159 exhibits the greates! . ontraction in the filling

direction since this fabric construction is the one .n which the maximum filling

crimp is first developed. As discusst-d for the case of an initially square fab-

ric, fabrics with NIR - 0 159 are closer !o the ;ammed state initially, and,
therefore, reach this limiting geometry with less filling contraction.

In contrast to 'he iniially- square fabric case the warp extension for fabric
with initially straight filling con:anues to increase %%ith .ncreasing NIR, even for

NIR > 0. i59. This occurs because the initial crimp in the warp yarns increases

significan.ly wi. increasing NIR, since the filling is straight, thereby provid-

ing greater warp yarn length between yarn crossovers and thus greater oppor-

tunity for higl-er fabric extensions in the warp direction.

Unlike the initially square fabrics, fabrics with initially straight filling

extend at a loading ratio of one. Addittonally, a comparison of the extension

data in Figures 7 and 8 to those plotted in Figures 13 and 14 shows that for

any value of NIR and Iw/7f, the warp extension is considerably greater and

the filling contraction moderately greater when the filling yarns are initially

straight, The filling contraction is greater because larger changes in filling

crimp can occur when the filling is initially straight. Similarly, the fabric

extension in the warp direction is larger because (1) the initial crimp in the

warp yarns is larger for a given N, I when the filling yarnis are initially straight.,

(2) there is greater crimp interchange bet'w'een the warp and filling yarns when

the filling yarns are init.ally straight.,
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The effective Poisson's ratio a. of 1h, fabrit s plotted in Figures 15(a)

and 15(b) as a function oi loading ratio and N!R. The values for an infinite
loading ratio arf. also noted, As shown, u in, rease-i with increasing loading
ratio and decreasing NIP when , f S'0. Hcwe/er, at a u increages

up to a maximem f u- 1 73 at NIR = 0. 159. at larger NIR values U decreases

with increasing N R. At a loading ratio of one u-- 0 16 -- 0. 3Z. the exact value

depending on the appropriAte NI R. at a luading ratio of t-.n, u *0. 39 - 0. 83; and

at a.i infinite loading ratio, u = 0 040 - 1, 73. As d , omparisoi -( the data in
Figoires 9 and 15 sho-ws, wh.n the filling yarn is nnaialj'y straight the fabric
exh'ibit• lower elfe', tjae Poisson'-- ratt,.

Square Fabr i,, Ext- isib!e Yarn (Linearly Elastic, 0). r.,/,; = I

For a square. plain-t-eave fabric- with the arme infinitely flexible yarn ii

bath tht- warp and filling

'If N1w N1

RIf R I. R

"If 1w "|

L I L -LIf 1w 1

Therefore, the equations describing the geometry of the fabric in the unloaded

state, Equations (1) - (5), reduce to the twn simpaified expressioiis given in

Equations (33) and 134) with L = L.Ia
If i! is further assumed that the radii of the c ;rc uar yarns in the fabric

remain constant during the fabric extersiun dnd equal tv the yarn radii prior
to loadir.ng, ;,e. , that the, Poisson'i relit.. -. of the yarn is zero and additional'y
that the load applied t5 the iabri. ;n the Aarp r-rer tsor. is equal to the load applied
in the filling d,recti-.n throughout :he loading ; yi ic

R aj
71. ý W•t

2 2

Witt these assumptions, the Equations descriý-',g the geometry of the fabric in the

deftorrmed state, Equations (6) - 11 3Y. redu e t) the three expressions given below.

Equations i 10) and (1 3, art n)•t independent expressions due to the geometric sym-
retry )f the f'ssu..-• fabric model. Equalc-,ns (6) and (7) reduce to idei,tical
expressi•ns, £oEuaticn (46), sirmnilarv Equations (8ý and '114 reduce to Equation (47).
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"Equations (1) and (12). to Equation (43), after substitution of Equation (19).
Since the fabric yarns are assumed to be linearly elastic and the yarn extension
to be at constant radius. A - 0 and B pEfA ycos 2 &s in Equation (19), the yarn

strainc -,.7 L I/R

- .2 R 4 Z. .cos Q'2 - 4 sin •2(46

_'L !R-4 'snA-4 - cors (47)
2 2 L.f , R

(NR) pEf "R cos 1 !Cos S (48)
f L I/ R - z(8

The fractional fabric extensions in the warp and filling directions are equal,,
Cf ew, and are given by either Equation (39) and (40';,

Equations (33) - (34). (46) - (48) and (39) were solved for. ',',R = 0.240,
0. 2 0 0, 0. 150, 0. 100, 0 5 0 10, 0, 100, 300, -•00 lbs,/inch width, R = 0. 010,
0. 005 inch; Ss. = 0°, 25*, 35', and Ef 2 x 105, x 106 10 x 10 6 , 3 x

lbs/inch . The results of these computations are prsented in Figure 16 in terms
of the dimensionless parameters C, N R and i/P(N R) Ef - P. cos es.I

The extension at constant radius of a straight, linearly elastic, twisted yarn
is also given in Figure 16 as a function of the same parameters. This can be

done since !7/N" represents the load applied to each yarn in the fabric and, from
Equation (19), the extension, c,,, of a linearly elastic yarn is given by

P

Cy 2
p-Ry Ef cos T

where P is the load applied to the yarn. As shown in Fig.ure 16, the fabric is
more easily extended than a straight yarn identical to those from 'hich the
fabric is woven. This is because the yarn axes are not pa-allel to the plane of
the fabric.

It can also be shown that for any specific load, -,, (lbs/inch width of fabric)
applied to the fabric. the fabric extension increases withdecreasing N 1 R values.
The smaller N1 R. the fewer are the number of yarns available far supporting
the applied load and thas, the greater each yarn's share of the total load applied
to the fabric. The fabric extension also increases with decreasing yarn radius,
decreasing yarn modulus and increasing yarn twist (surface helix angle,
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The effective Poisson's ratio, u, of a square fabric woven from linearly
elastic yarn is -1 when equal loads are applied in both the warp and filling
directions.

Square Fabric, Extensible Yarn (Linearly Elastic, 1/2 l), w 1

The case of an initially square, plain-weave fabric with the same infinitely
flexible yarn in both the warp and filling and t1.e ratio of applied loads equal to
one, aw/af = 1, was also solved assuming constant-volume yarn extension, i. e.-,
with the Poisson's ratio v of the yarn equal to I1/2. This case shows the effect
on the magnitude of the fabric extension of assuming that the -adii of the yarns
in the iabric remain constant during fabric extension., As for thepre,'ious case

Nif Nlw ZNI

R wR 1R
If 1w

LZf ZL 2 L2
i f -1w "1

Zf 2w 2
Zf 2w 2

iw Uf

However, for constant-volume yarn extension

I
R ZR R R 1Zf 2'N 2

With these assumptions the geometry of the fabric in tne unloaded state :s
gi.en by Equations (33) :-nd (34) (with L = L 1 ) and Equations (6) - (13) redLce to
the three expressions given below. As in the previous case, Equations (10) and
(13) are not independent expressions due to the geometric symmetry of the
assumed fabric model; Equations (6) and (7) reduce to ientical expressions,
Equation (49); Equations (8) and (9), to Equation (50), and Equations (11) and (12).
to Equation (51) after substitution of Equation (19). Since the yarn in the fabric
is assumed to be linearly elastic and the yarn extension to be at constant volume.
A = 0 and B = pEfA y3 sin? 0s - In sec 2  / /Z tan 2 s in Equation (19).

S ~ s~4 s
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1/2 ( )3/
RL I/R (L /RI /Z

'(Lm/R) 3/
4 4L sin 2 -4(I cos 9 sne 0 (50)

L(L /~

z-F2 2 (0

-NR. "3 sin2 9 - In sec • /
N R - - _/ -I cos ez :0 (51)

pE f -R 2 2 tan2 A L I 0R
S~S

fT lý : •Iional fabric extensions in the warp and filling directions are again
-..a; and given by either Equation (39) or (40).

Equations (33) - (34). t-:q) - (51) and (39) were solved for the same range
of values of the parameters as were used for the case of constant-radius yarn
extension., The results are presented in Figure 17 in terms of the dimension-
less parameters c, N,,R and z/p(N R)Ef -R where

1 f

-3 si 24 - In sec 2v3: ' z - -n (52)
2 tan 9

The extension at constant volume of a straight, linearly elastic, twisted
yarn is also given in Figure 17. As for the previous case the fabric is more
easily extended tban the yarns from which it is woven due to fabric yarn crimp

A comparison of the data in Figures 16 and 17 shows that for identical
fabrics loaded to the same level, constant-volume yarn extension results in
greater fabric elongation than constant-radius yarn extension. When N 1 R =
0.050, 9 - 0* and the fabric extension ew = Cf = 20% for constant radius yarn

extension, the fabric extension for constant volume yarn extension to the same
load ct/pNNIR Ef-R = 0. 168 is 20.8%, (9 - 1 as - 0), i.e.:, the constant volume
fabric extension is 4% greater. Similarly when NI R 0. 050, es = 35 and the
fabric extension -w = Cf = 201% for constant radius yarn extension, the fabric
extension for constant volume yarn extension is 18% greater. When N1 R = 0.240,
S= 0* and the fabric extension Lw = Cf = 20% for constant radius yarn extension,
the fabric extension for constant volume yarn extension to the same load
o/PPNIR EfR = 0. 114 is j0C• greater, and similarly when NIR = 0.240 and 9s 35%,
2417 greater.
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*Fillir.g Yarn Initially Straight, Extensible Yarn (Linearly Elastic, v : 0), aw/Of = 1

For a plain-weave fabric with the same number of identical, infinitely flex-
ible yarns in both the warp and filling and the filling yarns initially straight

Nif N = NI

Rlf R Rw R

= 0
If

Therefore, Equations (1) - (5) describing the geometry of the fabric ;n the un-
loaded state reduce In three simplified expressions, Equations (41) - (43) (with
Lf = Lif and Lw = Liw). It is further assumed that the yarn radii remain con-
stant during fabric extension, RZf = RZw = R. and that equal loads are applied
in the warp and filling directions, a. = 7f Z"

With these assumptions Equations (6) - (?)describing the geometry of the
fabric in the deformed state reduce to the six expressions given below. Equa-
tion (55) is obtained by substituting Equations (8) and (9) into Equation (10).
Equation (56) is obtained by substituting Equation (19) into Equation (11), assum-
ing a linearly elastic material and constant-radius yarn extension. Equation
(57) is obtained similarly. Equation (58) is obtained by substituting Equation's (11)
and (12) into Equation (13)

T - 4 w cos (53)-\R 2Ww 2 inOw

S4 )cos 4 sine (54)N~wR R -24.f 0z2f 2~ef

(2- 2 w sin9 co COO Z(C38 62 -1)- (34 - 8 2 ..)sin 62f (55)

L w/R

27#oZ = (N? ) (zw' -R 1)coo 9 (56)

p E-H OV w L /R 2
f a' Zf

p -c - = (NfR) L1 cos (2f57

tan Zw tan e2f = 0 (58)
Nw R NfR
N2w Rf

The fractional fabric extensions in the warp and filling directions are given by
Equations (39) and (40).
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Equations (41) - (43), (53) - (58) and Equations (39) and (40) were solved
for the same range of values of the parameters as were the previoL.s two cases.
The results are given in Figures l8and 19.

As shown in Figures 18 and 19, the fabric load-extension curves appear to
intersect the zero-load axes at finite levels of strain The strain values at
these apparent intercepts are the same as the strains given in Figures 13 and
14 at an aFplied loading ratko of one (aj /•f = 1). When infinitesim,al, but equal,
loads are applied to the fabric in the ,warp and filling directions, the fabric
deforms, elongates in the warp direction and contracts in the filling direction,
with the amount given by these intercepts. The!e deformations result solely
from crimp interchange. This is in contrast to the case where the fabric is
initially square. As shown in Figure 16, for that case all the load-extension
c, rves converge at the zero-load, zero-extension point. An initially qquare
fabric which is assumed to be woven from inextensible yarns does not exhioit
any crimp interchange when equal loads are applied in the warp and filling
directions.

As the level of applied load is increased, the fabr:c elongates further in
the warp direction and extends from the contr'cted state in the filling direction.
The magnitude of the extension increases with increasing applied load, decreas-
ing yarn radius, decreasing yarn modulus, increasing yarn twist and decreasing
number of yarns per L.nit width of fabric.

A comparison between Figure lf, for the initially square fabric and Figures
13 and 19 shows that whert the filling yarns are initially straight the warp
extension is considerably greater at any given load level and th-! filling exten-
sion somewhat less,

The effective Poisson's Ratio, u, of fabric with initially straight filling
yarn is given in Figure 20 ar a function of the dimersionless load parameter
a/p(NIR)Ef *.R cos S. for various NIR values. Thf, curves have been termi-
nated at the point where the fabrics exhibit about 105LSr extersion in the warp
direction. As shown, u is positive, i.e. , the fabric contracts in the filling
direction, at small values of the loading parameter and - decreases rapidly
with increasing values of the loading parameter; it is negative, i.e., the fabric
extends in the filling direction, over most of Ihe loading parameter range. The
Poisson't ratios at the points where the various NIR curves in Figure Z0 inter-
sect the zero-load axis, corresp-nd to the Poisson's ratios for fabric with
initially straight, inextensible filling yarn at a lading ratio of one (see Figure
15).
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Square Fabric, Exiensible Yarn (Linearly Elastic, v 0), w/ wa f

As previously not-.d, for an inititlly square, plain-weave fabric with the
same infinitely flexible yarn in both the warp and filling, the equations describ-
ing the geometry of the fabric in the unloaded state reduce to the expressions
given in Equationa (33) and (2:) (with L = Ld, It is further assumed below
that the yarns from which the fabric is woven are linearly elastic and tha. ne
yarn radii remain constant during fabric extension, R~f - R2 w = R.

With these assumptions the equations describ.ng the gecmetry of the fabric
in the deformed state. Equations (6) - (13), reduce to the six expressions given
below; Equations (8) and (9) reduce to Equation (61); Equation (11) reduces to
Equation (6Z) after substitution of Equation (19) with A = 0 and B pE;Ay Cos
(see Equation (20)); Equation (12) reduces to Equation (63) in a similar manner
(see Equation (21))

1 L
N ' R 4%w coo 0,2w 4 asin A (59)

= (LZf -462f coo e 4 fin n (60,

Nw R 2w Zf 2f

(-w Z .- 6 Cos 9 (Cos 9 -1) ) sin 8, (61)
4RL2w 2 4 f

La/R

7f = (N2 R) pE("R coo s (L 2 /R I) cos f (62)

2 Lz2w /PR

a :(N )R) pEf".R cos a ( L/R - i ) 2w (63)

a tan e (2f R) (64)
a tan N2f

As for the previous cases, the fractional fabric extensions in the warp and filling
directions are given by Equations (39) and (40), respectively.

Equations (33) - (34), (59) - (64) and (39) - (40) were solved for NiR - 0.,240
0. 2CO, 0.150, 0.100, 0.050; R = 0.010, 0.005 inch; % = 10r. Z5°, 35*; Ei = 'x105,
1 x 106, 10 x 106, 30 x 106 lbs/square inch and 1 ariou,. combinations of applied
loads a•w and af from 10 to 3000 lbs/inch width of fabric. The results of these
computations are presented in Figures 21 through 27.

so



T T

a.
z

___ 0 c

-JN

Wxw -J

LL-

zzzzz W

on 0 cio
'9zsO3(~Z d/Z



Ic
Id

w Y
Z4C

z 0X

uiU)

o ----. - C-i 4

ci ci V

-JD
-J0

ezzjii

'C 
I)

ci )C5 
0



0

20 8
cr 0 inoV

G 00
C-i to 0

cc ;: 1

0 c

x I

r-J

w

SZSO~DU JL3(8' N)d/^4,



0..

4

U-J
CQ ofs

Ni d 0



0

Y 100

-N09-

0W 0:

*4%~~~~~W co%% --- - _ -- I

10U

LL

ci~

74 'liV8SNOSI~d3AU34.z



00

ciI

- . %- _ _ _ _ zý- - - -lnu9*11, 0

06

J0

0

Zý c'n

Ti '11V8SNOSI~d3AU0A.4



The fabric load-extension diagrams for the warp and filling directions are
gi;en in Figure 21 for the various N, R values and a loading ratio = 2
Both sets nf diagrams are plotted as a function of the load applied in the warp
direction. Figure 22 gives similar load-extension diagrams for gw /7f = 5 and
Figure 23, for aw/af = 10. All the filling load-extension diagrams are termi-
nated at the point corresponding to 50% extension in the warp direction.

The z'nalytical results were examined to check that none of the solutions
gave a physically impoosible fabric deformation, i. e. , a deformation tiat violated
the second and third types of limiting geometries discussed previously. L~f was
found to be less than 2(R 2 f RZw) e2f only over a narrow range of the loading
parameter j/p(N1 R)Ef'R cos 2 C when NR = 0. 24 and /i = 10.. The corre-
sponding portions of the N1 R - 0. 240 curves in Figure 23 and the :,IX 10 curfes
in Figures 25 and 27 are therefore dotted. Although the actual deformations must
be less than that predicted by the dotted curses, the difference is probably small.

No solutions were foand where contact between adjacent warp yarns was
indicated, i.e., where i/N 2w< R

As shown in Figures 21 through 23, the fabric load-extension cur-es appear
to intersect the zero-load axes at finite strain,. The strain values at these
apparent intercepts are the same as those given for initnally square fabrics
woven from inextensible yarn at the corresponding loading ratios (see Figures
7 and 8).

As for the aw/7f = 1 case, the magnitude of the fabric extension in the -arp
dirction increases with increasing applied load, decreasing yarn radus, de-
creasing yarn modulus, increasing yarn twist and decreasing number of yarns
per unit width of fabric,

The fabric contracts in the filling direction at low levels of applied loads.,
the contraction is greater at the higher loadng ratios. However, the fabric
extends from the contracted state as the applied load is increased, The level
of load that must be applied in the warp direction to eliminate the filling contrac-
tion increases with increasing loading ratio., For a given applied load and load-
ing ratio, the magnitude of the fabric extension in the warp direction is consid-
erably greater than the extension (or contraction) in the filling direction;, the
difference increa:es with increasing loading ratio.

The fabric load-extension diagrams are replotted in Figures 24 and Z5 as
a function of loading ratio for the largest and smallest %alues of N'i R As sho:%n
in Figure 24, for N 1 R a 0,050 the fabric extension in the warp directicn is
approximately the same for all loading ratios at low load levels and at any given
level of applied load increases with decreasing loading ratio, the loading ratio

gw/cf = 1 gives the greatest fabric extension. The latter evidently is the re-
sult of the greater filling extension that occurs when the load applied in the
filling direction approaches that applied in the warp direction, Increased filling
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yarn extension permits a decrease in filling yarn crimp, and, consequently,
through the balanc.e of zhe vertical compone.ats of the forces in the ýwo ortho-
gonal systems of ya,'nK, a di.,rease in warp yarn crimp, thereby permitting
increased fabric externsioj in the warp direction.,

As shown in Figuer 25. for NIR = 0, 240 the initial 'instantaneous" fabric
extension in the warp directinr increases with increasing loading ratio. !:ow-
ever, the extension at the lower loading ratios increases at a faster rate with
increasing applied load. As shown, the load-extenson Lurves intersect - at a
warp extension of about 21%. At load levels resultirg •n extensLans greater
than 21%, the extension is larger in the warp direction for the lower loading
ratios, as found for the N, R = 0. 050 case at all extensions fsee Figure 24). The fabric
behavior in the filling direction for NIR = 0.245 is similar to that for N R = 0. 050.

The effective fabric Poisson's ratio, u, is goven in Figure 26 as a func-
t~on of the dimensionless loading parameter gw/v(NiR}Ef _R cos2 es for
various loading ratios and N1 R = 0. 050, and in Figure 27 for NIR = 0.240.
The curves have been terminated at a fabric warp extension of about 501rc. For
a loading ratio of one, w z -1 at all loads. For aw/gf a 2 the Poisson's ratio
is positive and greater than one at small %alues of the loading parameter,
decreases with increasing values oi the parameter becoming negative over a
large portion of the load-parameter range; u increases positively with in-
creasing loading ratio. A comparisor, of the curves in Figures 26 and 27
shows that u is slightly larger thi oughout the load-parameter range for
N1R = 0.240 than for NIR - 0 050.

Square Fabric, Extensible Yarn (Elasto-Plastic, v = 0), 9w/af = I

As noted in the previous case, for an initially square, plain-weave fabric
with the same infinitely flexib:e yarn in both the warp and filling, the equations
describing the geometry of the Iabric in the unloaded state reduce to the
expressions given in Equations (33) and (34) (with L = LI). In addition, a!so
as in a previous case, ii constant- radius yarn extension and a loading ratio
of one, 7w/af = 1, are asurned

"I f =Rzw R

2f : 2w :LZf 2w.v 2

A2 f 2zw 62

N ZNZf 2w

7w f

It is further assumed th.at the yarns in the fabric are twisted from elasto-
plastic fibers - fibers which are linearly-elastic before the yield and exhibit

linear work- hardening beyond the yield.
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The equations describing the geometry of tfio fabric ir. the deformed state
are, therefore, Equations (65) and (66) which are identical to Equations (46)
and (47) and Equation (67) which is derived from Equation ( 1) or (12) after
substitution of Equation (19) with A pc*(Ef - j) Av(I - I/2 tan 2 •) and

B = paA cosz % •
y s

= _ L /R - C.os • 4 sin e (65)
N2 R 2 22

2 _L /R - 4 sn e 4(1 - cos C) (66)

ta 2  2 L/ L,R
SN R p C) (E - - -/2tan cos Cos S (67;

2 f f s s 5 L /R 2

The fabric extensions in the warp and filling dizctio..s :,re equal. e. =: , and
are given by either Equation (38) or (40). 1 w

Equations (33). (34), (65) - (67) and (39) were solved for R 0, 010, 0. 005
inch;' e = 0, 25% 35; Ef 1 x 106 psi with * =- 0.015 and • 8 x 104 psi,

-30 x 06 psi with f - 0.005 and a = 3 x 10ý psi, and a series of values of
a from 10 to 1200 lbs/inch width of fabric. Howe'er, only those solutions
obtained which result in yielding of some port on of the yarn cross-section are
valid. The fabric extension at loads below which thi;s occurs is the same as
fOr the case of a square fabric woven from linearly elastic yarns (L.. 0, •, : I).
The combination of initial modulus Ef =1 x 106 psi, yield strain c" 0- 015,
and post-yield mosulus -. : 8 x 104 psi approximate the properties of some
polymeric~fibers. Similarly the properties Ef = 30 x 106 psi, - 0. 005 andS" " (3)

3 x 10 psi approximate the properties of some metallic fibers,

The results of the computations are presented in Figures 28 and 29. (The
data given in Figure 16 was used in constructing the initial portions of tha load-
extension curves. ) The fabric extension increases only slightly with increasing
",alues ox the loading parameter up to •/p(NIR) Ef -R cosz a = 0 012 - 0,017 in
one case and 0.0041 - 0. 0054 in the other, but increases ra•pd!. ,i- . ,_reasrn2
values of the loading parameter beyond these points. This latter large increase
in fabric extension with increasing load is the result of the yarn having yieided.:
A comparison of the data given in Figures 28 and 29 to that given in Figure 13
for a fabric woven from yarns composed of linearly elastic fibers that do not
yield shows that yielding results in considerably higher fabric extensions after
a certain minimum load has been exceeded.
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EXPERIMENTAL PROCE•DURE

A test instrument for determining the stress-strain response of fabrics
under two-dimensional loading is not commercially available. However, sev-
eral organizations have built suitable testers of this type for theis --'n use.
The experimental results reported herein were obtained with a biaxial tensile
tester built by the MRD Divisio'i of General American Transportation Corp.
under contract to the Air Force Materials Laboratory(2 ' 7) and loaned to FRL.
An overall photograph of the instrument is shown in Figure 30. It uses a cruci-
form test specimen (see Figure 31). Specimens with tails up to 4 inches wide
can be accommodated, giving a 4-inch by 4-inch biaxially loaded region at the
center of the specimens, the center 2-inch by 2-inch portion of which is under
uniform biaxial stress,

The tails of the test specimens are gripped in capstan-type jaws which are
free to rotate about an axis perpendicular to the plane of the test specimen to
permit shear deformations. Care was taken in mounting test specimens to
insure that the central region was not distorted and that all yarns shared the
applied loads equally. The tail length, i. e.,, the initial distance from the edge
of the 4-inch by 4-inch biaxially loaded region to the jaws, is approximately
5- 1/2 inches,

The separate loads applied to the jaws are gathered to a single point by a
series of variable-length lever arms (see Figure 30); the load is applied at
this point by a hydraulic cylinder. The ratio of the loads applied along the
two major axes of the cruciform is maintained constant throughout the test;
loading ratios of 1:0, i:l, 2:1, 3:1, 5:1, and 10:1 can be achieved.

The total load level is increased by pumping the hydraulic cylinder
manually. For the work reported herein, total load increments of 25 (or 50 lbs)
were used. Using test specimens with 4-inch wide tails and a 1:1 loading ratio,
this means load increments of about 1-1/2 to 3 lbs per inch of test specimen
w.dth. The total applied load is measured with a tensile model. 1000-lb
capacity, Dillon mechanical force gauge. The gauge was rhecked nan T-_r-ý--
a'id against a dynamometer. The agreement wa's within the precision with
which readings can be made from the gauge.

The response of the fabric is recorded photographically, and the fabric
extension determined by measuring the displacement of lines previously inscribed
on the fabric (see Figure 32). A 35-mm Leica camera with a 3. 5 Elmar lens and
extension tube and a very fine-grain film were used. The test specimens were
illuminated with a circular fluorescent tube through the center of which the camera
lens was focused (see Figure 30).

A 2-inch by 2-inch square was inscribed at the center of each test specimen
prior to its being mounted ir the tester, The lines were drawn on the fabric
with ink using a very fine brush. A color was used which contrastel with the
color of the fabric in an effort to insuire sharp photographs. Each line followed a
single yarn.
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The change in dimensions of the 2-inch by 2-inch inscribed square was
measured with a steel rule after projecting the film in a microfilm reader,

(This gives a magnification of about 3. 5X. ) Two readings were taken from

each frame of the film in both of the principal directions. These readings
were made about one inch in from the edge of the projected square. The
distance between opposite pairs of the projected lines was measured approx-

imately to the nearest 0. 01 inch. Each pair of readings taken from each

frame of the film were averaged, They usually agreed %,ithin 0. 0. - 0.03 inch.

EXPERIMENTAL RESULTS ON MODEL FABRICS

The theoretical and experimental biaxial stress-strain response of two
monofilament screen fabrics are compared in Figures 33 through 38. The

constructions of the fabrics are given in Table 1. Both are plain weave

woven from saran monofilaments with the same monofilament in both the warp

and filling directions. The filament diameters give'i in Table I are the aver-

age of many measurements made with a fiber projection microscope at a
magnification of 50OX.

The uniaxial tensile properties of the fabrics are given in Table 2, The

data was obtained on an Instron using one-inch wide, ravelled-strip test

specimens, a 5-inch gauge length and 0. 5-inch per minute jaw speed.

The average crimp in the filaments in both fabrics was also measured

using the fiber projection microscope., Both the warp and filling in the gray
saran fabric exhibit the same amount of crimp, about 2-1/2%. However, the
w, rp filaments in the undyed saran fabric exhibit about 5-1/2% crimp and
the filling 2-3/4% crimp. Additionally, as shown in Table 1, both fabrics have

roughly the same number of monofilaments per unit width in the warp and

fil!ing directions - the difference is less than -1/2% of the average of the two
values., Therefore, both fabrics are approximately square, although the gray

saran fabric is closer to being perfectly square.

The theoretical curves in Figures 33 through 38 are for the N 1 R values

which are the averages of the warp and filling N 1 R values calculated for the

particular fabric being considered; N 1 R = 0. 127 for the gray saran fabric and
0. 165 for the undyed saran fabric. The theoretical NIR r 0. 125 curves given

in Figures 16, 21 and 22 were asbumed insignificantly diiferent from the
theoretical cur;es for N 1 R = 0. 127 and are, therefore, reproduced in Figures

33, 34, and 35, repsectively. The N 1 R = 0. 165 curves in Figures 36, '-. and

38 were obtained by interpolating between the 0. 150 and 0. 200 curves of

Figures 16, 21, and 22, respectively.
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TABLE I

FABRIC CONSTRUCTION

Yarn Picks Ends Yarn Crimp

Diameter per per Weight (V)
Fabric (mils) Weave Inch Inch (oz/sg.yd Warp Fillnd

Gray 12.4 plain 21 20 6 2 2-1/2 2-1/2
Saran

Undyed 10.2 plain 33-1/4 31-1/2 7.0 5-1/2 2-3/4
Saran

TABLE 2

FABRIC UNIAXIAL TENSILE PROPERTIES

Rupture Elongation Rupture Load
_ _ _ ) _(lbs/inch width)

Fabric Warp Filling Warp Fill ing

Gray 18.7 i9.9 58.7 61. 0
Saran

Undyed 24.0 25,9 68.2 7,.0
Saran
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For N1 R - 0. 125, 61 b15', i.e., the warp and filling yarns in the gray
saran fabric are at an angle of about 15' to the plane of the fabric at the mid-
point between yarn crossovers prior to loading. Similarly, for NJ R = 0. 165,

i. e. , the undyed saran fabric, 61 2 20 ". I he chara, teristic tensile moduli
of the monofilaments from which the fabrics were xoven were determined by
tensile testing filaments ravelled from the fabrics A 5-inch gauge length
and a 5-inch per minute jaw -peed were used. In de'termining the moduli
from the slope of the linear portion of the load-elongation diagrams, (the load-
extension diagrams of the monofilaments were approximately linear from
initiation of load to failure) the test-specimen gauge length was taken as ore
plus the fractional crimp times the sum of the initial distance between jaws
plus the jaw displacement to the point where a load buildup was first indicated.
This procedure gave a modulus of 175, 000 psi for the 12. 4-mil diameter
monofilaments in the gray saran fabric and 145, 000 psi for the 10. 2-mil
diameter monofilaments in the undyed saran fabric, These moduli values were
used in determining the appropriate value for the dimensionless loading param-
eter for each experimental point plotted.

The test instrument and experimental procedure desc ribed in the previous
section were used in determining te stress-strain response of the two fabrics
under biaxial loading. ,ruciform test specimens with nominal 4-inch wide
tails were ised. Instead of ravelling the tails exactly to a 4-inch width, they
were ra'elled to a specific number of ends. Each tail of the gray saran fabric
test specimens contained 80 ends and each tail of the undyed saran fabric test
specimens, 126 ends.

Considerable c: re was taken in mounting every test specimen in the jaws
to ensu., t-'.t distortion during loading in the central, biaxially stressed sec-
tion of the specimen would be minimized. This was particularly difficult with
the undyed saran fabric because the filling was bowed. The monofilaments in
the filling of the gray 5aran fabric were parallel to each other and also
perpendicular to the warp yarns, throughout the fabric,

The fabrics were tested at ratios uf the load applied in the warp direction
to the load applied in the filling direction of 1:1, 2:1, 5.1, and 1:5. Three tests
were made on both fabrics at the I"1 ratio; two on both at the 2.1 ratio; two on
the gray saian and four on the undyed saran at 5 1; two on the gray saran and
one on the undyed saran at 1,5. r7he measured fabric strains are given in
Figures 33 through 38 as a functicr ,f the dimensionless loading parameter.
b-/(NiR) Ef-R. Each point plotted is the average of the Eeveral tests made at
that value of the loading ratio and loading parameter. The individual test
results agreed within 5_5% of their average.

The las. experimental points in Figures 33 through 38, the points at the
highest strain, were recorded in most instances at the last load increment
before the test specimen failed. However. this load level cannot be consid-
ered the true breaking strength of the fabric under biaxial loading. Stre-ss
concentrations occur where the tails join the biaxially stressed central pirtion
of the cruciform test specimens and cause prema!tire failure.
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As shown in Figures 33 through 38, the experiment;A points are in reason-
able agreement with the theoretical curves. The difference between the pre-
dicted and measured values of warp and filling strains for the gray saran fabric
at the 1:1 loading ratio is small at all levels of strain - about 5% (one hundred
times the predicted strain rinus the measured strain it the same load divided
by the measured strain) in the warp direction and < 1% in the filling direction
at 10% measured strain (see Figure 33).

At the 2"1 loading ratio the difference between the predicted and measured
strains in the war,) direction is about 2% at 9% strain, However, as shown in
Figure 34, the percent difference becomes large at low loads, At the load level
where the measured strain in the warp direction is 1.75%, the predicted strain
is 2. 7%. As also shown in Figure 34, the difference between the predicted and
measured strains in the filling direction is considerable at all *oads; when the
measured filling strain is -0. 55%,that predicted is -1. 5%, when the measured
strain is 4. 9%, that predicted is 3%.

At the 5:1 loading ratio the difference between the predicted and measured
strains in the warp direction is about 6% at 120' strain. However, as at the 2 1
loading ratio, the difference becomes large at low load levels, the difference
between the measured and predicted strains in the filling direction is also large
throughout the test load range.,

As indicated in Figure 35, the gray saran fabric %as tested at both 5:1 and
1:5 loading ratios. Approximately the same results were obtained at both load-
ing ratios, further indicating that the fabric is square.

Tae difference between the predicted and measured values of strain for the
undyed saran fabric at the 1:1 loading ratio is 17% in the warp direction and 91"
in the filling direction at 9% measured strain. As shon in Figure 36, the dif-
ference becomes less at lower loads.

Similarly, the difference between the predicted and measure.. strains in
the wrp direction at the 2:1 loading ratio is about 22% at 10% strain, However,
the percent difference becomes larger at lower load levels (see Figure 37).
When the measured strain is 3%, that predicted is 4. 8%,. Additionally, as for
the gray saran fabric, the difference between the predicted and measured strains
in the filling direction is quite large at all load levels, when the measared strain
is 11%, that predicted is -1.6.0, when the measured strain is *Ir that predicted
is 5.4%.

At the 5:1 loading ratio the difference between theory and experiment is
large; a difference of 32,c at a warp strain of 14•0,. Also, as at the 2:1 loading

ratio, the difference becomes larger at lower loads and the difference in the
filling direction is large throughout the load range.

Results are also given in Figure 38 for a single test run at a 1 5 loading
ratio. As shown, these results agree reasonably well with those at 5. 1.
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The differences between the predicted and experimentally r, easured reuits
may be attributed to the deviation of the fabric geometries, monofilament prop-
erties and fabric deformations from those assumed in the analysis. Discussion
of some of these deviations follows. However, the quant.tative effect of various
possible causes of the differences is difficult to estirria ,

The theoretical analysis on which the p-edicted fabric response is based
assumes perfectly square abrics. ,ks noted above, the fabrics do not have
exactly the same number of picks per inch as ends per inch. However, the
differences are small anJ this probably does not contribute significantly to the
variance between theory and experiment. The assumption of an initially square
fabric not only assumes the same number of yarns in both directions but also the
same degree of crimp in both sets of yar-is, Although the warp and filling
monofilaments of the gray saran fabric have roughly the same crimp, the
crimp in tie wa.rp filaments of the undyed saran fabric is twice that in the filling
yarns. Tis is probably one of the reasons that agreement between theory and
experiment is noz as good with the undyed saran fabric a: with the gray sarar
fabric.

Another possible reason that the experimental results obtained using the
undyed saran fabric do not better agree with the theoreticaily predicted results
is that the filling yarn in the fabric is moderately bowed, This undoubtedly
affects the response of the fabric under biaxial loading.

Examination of filaments removed from both fabrics under the microscope
reveals some perm ",e.t flattening of the filaments at yarn cross-overs. This
flattening is considerably more severe in Lhe undyed saran fabric and, undoubt-
edly, also affects the response of the fabiic.

The procedure used +o arrive at a value for the tensile modulus of the
monofilaments from which the fabrics are woven has several shortcomings.
The monofilaments are permanently defoz - J - crimped - during weaving, when
removed from the fabrics they maintain this crimped configuration, F'Irther-
m-ore, careful observation of the filament response during tensile tensting indi-
cates that some filament axial extension probably takes place before all the
crimp is removed. As noted previously, the axial length of the test speci-
men was taken as the test gauge-length, not the shorter distance between jaws.
This results in a larger measurma -niodulus. Hw eve r, if
some jf the filament crimp is removed as the filament extends, the measured
modulus will be smaller than the true value; additionally, the magnitude of the
effect of the latter on the measured modulus is considerably larger than the
former. Therefore, the true tensile moduli of the monofilarnents might be some-
what oreater than the values used in plotting the experimental data in 7igures 33
through 38. A larger value of filament modulus would decrease the difference
between theory and experiment in the warp direction an ' increase the difference
in the filling direction.
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C ONC LUSJON

The foregoing investigation shows that the stress-strain response of
monofilament screens under two-dimensional loading can be predicted with
reasonable accuracy when the effects of yarn extension are included. How-
ever, as noted, the divergence between theory and experiment becomes quite
large at low levels of applied load when the loading ratio is greater than one.
This is because the load-deformation behavior of monofilament screen fabrics
at low to moderate loads - in the crimp-interchange region - is strongly
dependent on yarn bending rigidity, which was not considered in the analysis.
It is anticipated that the agreement betv;een theory and experiment for fabrics
woven from multifilament yarns would be better because :f the inherently
lower bending rigidity of multifilament yarns.

As a first step in incorporating yarn rigidity into an analysis of fabrics, a
theoretical analysis of the load-deformation behavior of a twisted multifilament
crimped yarn should be developed. Such an analysis would be an extension of
the ykork done by Chicurelo1 ) on monofilaments and Platt"1 4) on twisted multi-
filament yarns. The effects of yarn twist and filament plastic flow c-uld be
included Although perfect translation of yan proper s into fabric properties
is not to be expected, past experience has shown that a thorough understanding
of fabric properties requires a knowledge of the influence of yarn structure and
filament properties on yarn properties..

The load-deformation behavior of a fabric wo%en from multifilament yarn
is also influenced by yarn flattening. Low-twist multifilament yarns will flat-
ten more easily than high-twist yarns. The occurrence yarn flattening during
fabric extension will result in a decrease in the slope of the fabric load-elongation
diagram.

Since the extension of a fabric is mainly dependent on the thickness, per-
pendicular to the fabric plane, of the yarns from which it is woven, the effects
of yarn flattening might be included in the load-deformation analysis of a fabric
by utilizir.g a yarn rad:us that is a function of the normal force on the yarns at
yarn crossovers, i.e, , R = R(P sin r 2 ). The explicit expression for the
dependence of yarn radius on normal pressure would probably have to be
determined experimentally.

Fabric deformation is further affected by yarn twist magnitude and direction
because of the bedding (nesting) tendency at yarn intersections of the surface fila-
ments of the yarns. Such bedding serves both to increase the surface of contact
between the two yarn systems, warp and filling, and also to partially lock the
yarn intersections at their points of contact. Therefore, nesting restricts yarn
movement and may increase the slope of t:e fabric load-elongation diagram.

For parallel nesting of the contact filaments at yarn crossovers the local
helix angle must be approximately 45% Although straight yarn helix angles do
not usually approach 45%o the local helix angle of the yarn at yarn crossovers
can approach the required 45° due to the geometry of a bent yarn, even for
coni.entionrml yarn twists.
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For sophisticated fabric applications, the design engineer must be able
to tpreict not only the load-deformation behavior of a fabric but also the
ultimate strength of the fabric. That is, a rupture criteria for biaxially
stressed fabrics must be formulated. A rough approximation of the ultimate
-Crength, :. of , fabric stressed uniaxially is given by -- NI cos • P
where Nl is the number of yarns per unit width; ý. is the angle between the
yarn and the fabr;c plane at the midpoint between yarn crossovers, and P
is the strength of the yarn, However, a rupture criteria for a biaxially
stressed fabric will undoubtedly be more complex than this.

The response of biaxially stressed coated fabrics should also be inves-
tigated. However, it is anticipated that it would be difficult to obtain quanti-
tative relationships. The response of coated fabrics is dependent on the
coating modulus. The presence of the coating material i:, zhe interstices
between yarns increases the fabric modulus in the lo%%-load region and de-
creases the fabric elongation and strength at rupture compared to the response
of the same fabric when coated. (7)
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APPENDIX 2

EVALUATION OF GOVERNMENT-FURNISHLI) I (\uTED FAB•RICS

A preliminary ev'aluation of two typical -o,oft (I tdtbri, s used for air-
supported tents was carried out. The fabric s .,upplied by the (J. S. Army
Natick Laboratories were ;a vinyl-coated nylon (M.L-(-.3086) fabri, and
polyurethane-coated nylon labric. The vinyl-coated I.,thri, wf.ighs about.
20-1/4 oz/sq yd and the polyurethane-coated fabrih 2.-9/10 oz/sq yd. It if,
our understanding that thuse two fabrics represent ;ipproximately the. rxtr.r.. 15
in fabric weight and strcrgth currently of intere-41 !,r air-mupported te-fi .,ii'-
cations.

The uniaxial ten3ile -)roperties of the fabri';e in I-flh the warp and filliia:,
directions are given in Table 1. Test specimens di!:k4.d one inch by six ir..,.. :;
were used. The specimens were tested in an Instron ,tsing threc*-inch vwide
flat jaws lined with masking tape, a 3-inch gauge length and 2-inch/rain i,..
speed. As the data in Table I shows, the 20-1/4 oz/bq yd fabric ips consi,... .-hly
stronger than the 2-9/10 oz/sq yd fabric and exhibits about 25% less elongation
to rupture in both the warp and filling directions.

Efforts were made to determine the biaxial load-extension response of both
fabrics using the biaxial tester and procedures described in Appendix
1. . However, since the filling yarn in both fabrics is bowed, this was an
impossible task. The exlent of the yarn bow in the 20-1/4 oz/sq yd fabric in so
severe that when cruciform test specimens are cut, there are no through-giing
yarns, i. e., none of the same yarns can be gripped in opposite jaws.

Cruciform test specimens were also prepared from the 20-1/4 oz/sq yd
fabric by cutting the tails parallel to the yarns in the fabric. However, whez,
these samples were mounted in the tester, the central bection became so dis-
torted, It was decided that any test results that might be obtained would he
meaningless. All efforts to eliminate fabric distortion inthe center section
were unsuccessful.

Although the filling yarn in the 2-9/10 oz/sq yd fabric is also bowed, the
bowing is not as severe as in the 20-1/4 oz/sq yd fabric and biaxial tensile-
test results were obtained. The fabric was tested under ratios of loading in
the two 6rthogonal directions of 1:1, 2:1, (i.e. , the load applied in the warp
direction was twice that applied in the filling direction throughout the test),
5:1 and 1:5. Three tests were made at the 1:1 loading; two at 2:1; two at 5:1;
and one at 1:5. The results of these tests are presented graphically in
Figures I through 3. The results from the uniaxial tests are also presented
graphically for comparison in Figure 4. The load-elongation diagrams given
in these Figures are the average of the test results obtained at each loading
ratio.
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TABLE 1

COATED FABRIC' UNIAXIAL TENSILE PROPERTIIE.

Rupture Elongation Rupture, Load
M() _(Ib./in,_h w:d-h

Material Warp Filling Warp

Vinyl-Coated Nylon 28. 8 zq. 6 430 ,8.

24.9 27. 7 392 MfI

25.7 29.9$' 395 3.,

26.9 31 9:' 4!0 4Z•

29. 6 29.8 435

30.9 - fI .

28.3 41;

Average 27. 1 29. 412 401

Polyurethane-Coated Nylon 34.3 44. 1 59.5 5"

36.8 47.6 59.5 4 7

41.4 45.9 62.0 ;3.0

39.1 40.9 60.8 >i0. (.

37.1 41.3* 60.4 33.0:

43.4 32. 7

Average 37.7 43.8 60.4 32.8

'jaw break.
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I

An effort was made to take the test specimen- " r v, .re Ho' t v( r. d Ie
to the high extensibility of the fabric in the filling d~r% '.on. in tvo of the, thrvev
tests run at the 1:1 loading ratio and the one test r..-. ý* I . the -av- r(,.,e hed

their maximum extension before thc test spec imen, la.lh J In di 'tie other

tests the specimens failed, one tail breaking oft s~'dderdly and c'Anrpletely, with
the exception of the one specimen that failed at th I I load,,'g rat, s ,here
two tails broke at the same time,

In a biaxial tensile test using cruciform-shaped t( -.? spec ime'.. rupt Ar#.
usually occurs in the tails immediately adjacent to the biaxially .tr( s3ed

central section of the test specimen. As pointed out in 'he pr .'io.is se, t,on

such tests therefore do not necessarily give a good ind-, ation e0 the 'rute jabri.
strength under biaxial loading. The stress cont er.,ra,,o:._3 thit oc -ir at the

corners where the tails join the biaxially stres-.ed portion of 'he "t st spe'i;mCer4

can result in premature failure of the specimen

However, when testing the polyurethane-coated nylor iabri( it is iiner._;t-
ing to compare the maximum loads observed bforc faillire a' 'ite ";arois load-

ing ratios to each• other and to the strength of the fabriL .nder .,iiaxial loadir.g
As shown in Figures 1-3, the maximum measured load in the varp d;re, tio:

under I 1 biaxial loading is roughly 50% of the liniax~al break.ng Irength oi the
fabric in the warp direction. However, this maximum load r. Lreases with in-

creasing biaxial loading ratio. At 5:1 the maximum load is abo.it 80"t, oi 'he
aniaxial fabric strength. The maximum measured load in the fill;.ng dirc,.'.o•.
under 1:1 biaxial loading is about 70% of the uniaxial breaking s-rez-gth o0 the

fabric in the filling direction and this maximum load decreases %% ith &nc reasi.g
b-axial loading ratio. At 5:1 the maximum load is about 50% of lhe tabr,,

strength uniaxially.

As shown in Figure 3, the response of the 2-9/10 oz/sq yd coated iabr1 a'
a lcading ratio of 5:1 is considerably different from that measured at 1.5 This
indicates that the construction of the fabric is far from square.

The various test results reported abo~e further dero-onstrate that the per-
formance specifications of the new biaxial tLster to be designed and built under

this program are more than adequate, They also indicate that the coated fab-

rics currently used in air-supported tents would probably exhibit improved

performance if the filling yarns in the fabric were straight and perpendicular

to the warp yarns rather than bowed. Since such fabrics could be more

meaningfully tested, structures fabricated from them would be more ameanable

to accurate design procedures.
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Two tyr'ical coated fa-orics representing approxiinatt J, the extremes in fabric

weight and strength currently of interest for air-supported tent app;lcations were

evaluated.
The design. of an irproved biaxiil tensile tester is outlined. The pioposed

design con,ýept 'utilizes the results of the literatule survey, mode: fabric study

and a-oated fabric evaluation.

D D . 1473 _____ ___.

Sectn*% ClassifIration



KEY W.JRDS LI.K A LINK 6 LINK C

____ROLE VVT ROLE VVT HOLCT A

EvdLuation 8
Tensile testers 8, 10
Biaxial 0 0
Measurement 4 8
Strains 4
Faurics 49
Coated 0 0
Tensile properties 9
Tea t.s 4
A: -d Forces equipment 4

_ _ _ _ _ _ _ _ 1~
INSTRUCTIONS

I. ORIGINATING ACTIVITY: Enter the name and address 10. AVAILABILITY/LIMITATION NOTICES. Enter any lim-
of the contractor, aubcontractor, grantee, Department of De- itationo on further dissemination of the report, other than those
fense activity or other organization (corporate author) issuing imposed by security classnfication, using standard statements
the report. uc s:

such as:
2a. REPORT SECU1ITY CLASSIFICATION: Enter the over- (1) "Qualified requesters may obtain copies of this
all security classification of the report. Indicate whether
"Restricted Data" Is included, Marking Is to be In accord- report from DDC."
ance with appropriate security regulations. (2) "Foreign announcement and dissemination of this
2b. GROUP. Automatic downgrading is specified in DoD Di- report by DDC Is not authorized. "
rective 5200. 10 and Armed Forces Industrial Manual. Enter (3) "U. S. Government agencies may obtain copies of
the group number. Also, when applicable, show that optional this report directly from DDC. Other qualified DDC
markings have been used for Group 3 and Group 4 as author- users shall request through
ized.

3. REPORT TITLE; Enter the complete report title in all (4) "U. S. military agencies may obtain copies of this
capital letters. Titles in all cases should be unclassified. report directly from DDC Other qualified users
If a meaningful title cannot be selected without classifica- shall request through
tion, show title classification in all capitals in parenthesis
immediately following the title. ."
4. DESCRIPTIV1P NOTES; If appropriate, enter the type of (5) "All distribution of this report is controlled. Qual-
report, e.g., interim, progress, summary, annual, or final, ified DDC users shall request through
Give the inclusive dates when a specific reporting period Is ,ICOVered.

If the report has been furnished to the Office of Technical
S. AUTHOR(S): Enter the name(s) of author(s) as shown on Services, Department of Commerce, for sale to the public, Indi-
or in the report. Enter last name, first name, middle initial, cate this fact and enter the price, if known.
If military, show rank and branch of service. The name of
the principal author is an absolute minimum requirement. 11. SUPPLEMENTARY NOTES: Use for additional explana-
6. REPORT DATE. Enter the date of the report as day, tory notes.
month, year, or month, year. If more than one date appears 12. SPONSORING MILITARY ACTIVITY: Enter the name of
on the report, ise date of publication, the departmental projict office or laboratory sponsoring (payr
7 a. TOTAL NUMBER OF PAGES: The total page count ing for) the research end development. Include address.
should follow normal pagination procedures, ie., enter the 13. ABSTRACT: Enter an abstract giving a brief and factual
number of pages containing information, summary of the document indicative of the rept.rt, even though

it may also appear elsewhere in the body of the technical re-
7b. NUM1ER OF REFERENCES Enter the total number of port. If additional space is required, a continuation sheet
references cited in the report. shall be attached.
8a. CONTRACT OR GRANT NUMBER: If appropriate, enter It is higaly desirable that the abstract of classified re-
the applicable number of the contract or grant under which ports be unclassified. Each paragraph of the abstract shall
the report was written, end with an indication of the military security classification
8b, 8c, & 8d. PROJECT NUMBER' Enter thp appropriate of the information in the paragraph, represented as (TS), (S),
military department identification, such as project number, (C), or (U).
subproject number, system numbers, task number, etc. There is no limitation on the length of the abstract. How-
9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi- ever, the suggested lenfth is from 150 to 225 words.
cial report number by which the document will be identified 14, KEY WORDS: Key words are technically meaningful terms
and controlled by the originating activity. This number must or short phrases that characterize a report and may be used as
be unique to this report, index entries for cataloging the report. Key words must be
9b. OTHER REPORT NUMBER(S): If the report has been selected so that no security classific-tion is required. Iden-
assigned any other report numbers (either by the originator fiery, such as equipment model designatian, trade name. •ili
or by the sponsor), also enter this number(s), tary project code name, geographic location, may be used as

key words but wi!l be followed by an indication of technical
context. The assignment of links, rules, and weights is
optional.

UNCLASSIFIED
Se- iii y C [i i - at-i. .. ..


